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KINETICS OF THE POLYMERIZATION OF ISOBUTYLENE IN THE PRESENCE 
OF THE ADDITION COMPOUND OF BORON TRIFLUORIDE 
WITH ETHER 


M, I, Vinnik, G. B, Manelis, G., V. Epple, and N, M, Chirkov 


(Presented by Academician V, N, Kondrat'ev, August 7, 1957) 


This paper is concerned with an investigation of the kinetics of the polymerization of isobutylene in the 
presence of the diethyl ether-boron trifluoride complex— (C,H,),O*BFs. To avoid diffusion difficulties, the 


experiments were carried out with the (CgH,),O*BFs catalyst in the form of a thin adsorbed film on the surface 
of small fused quartz tubes, 


Before experiments, the reactor, with its packing of quartz tubes (free volume 0,34 liter; surface of pack- 
ing ~0.5 m*), was evacuated to a pressure of 10“ to 10° mm Hg. Ether vapor was admitted first to the 
requisite pressure, and then boron trifluoride was added, The quantity of BF, added to the reactor was deter- 
mined by the loss from a flask of known volume, The equilibrium pressures of the etherate (P8_ pe boron tri- 


fluoride Bry) and ether (Pn) in the gas phase, and the quantity of etherate condensed on the surface (pl) 


were determined in each experiment, The following information was required to calculate these values: the 


P 
equilibrium constant for the dissociation of the etherate in the gas phase Kp = PB PE = 92,5 (at t = 70°) 


ps 
e-t 
from the data of Brown and Adams [1], the total pressure (Prot) in the reactor after the addition of boron tri- 
fluoride and ether, and the balancing equation for PBF, and Per. 


mm H Special attention was paid to the preparation of pure 
) - reagents, free from traces of moisture, Boron trifluoride was 
: 7 prepared and purified by a previously described method [2], 
a Y Diethyl ether was redistilled up a fractionating column from 
: | | metallic sodium and was stored over sodium, Isobutylene 
aE B hd was fractionated up a high efficiency vacuum column and 
"" 1s Lt was dried by bubbling through a liquid Na~K alloy, 
Pa The rate of the reaction was expressed as the decrease 
“0 P in pressure of isobutylene (mm Hg per minute in a reactor of 
ss 2 volume 1 liter), ascribed to 1 mole of adsorbed etherate, 
Fig. 1. Kinetic curve (and its inverted form) Figure 1 shows the kinetic curve and its inverted form for the 
for the polymerization of iC,Hg in the pre- polymerization of i-C,Hg in the presence of the etherate 
sence of the etherate of boron trifluoride, (C,Hs),0-BFs, At t = 70° and small values of Pj_c Hy (up 
t=70°, PE. = 74,2, P8, = 4.8 and to 100-150 mm Hg), the kinetic curve is well represented 
p 2 a mam © ise by an equation of the second order up to 40-50% conversion, 
i-C4Hg 8+ “reactor * and the velocity constant Ky determined from it does not 


liter, depend on the initial pressure of i-C,Hg, 


The effect of the pressures of BF, and ether in the gas phase on the catalytic activity of the etherate was 
investigated for a range of Pi_¢ Hy from 30 to 110 mm Hg, Ether and boron trifluoride were connected by the 
equilibrium BF; (CyHs)gO == BF’s + (CgHs),0; to simplify the treatment of the results, the experiments were 
carried out under conditions such that the vapor pressure of the etherate was equal, or nearly equal, to its satura- 
tion pressure, i.e,, at constant thermodynamic activity of the etherate, It was found that, when P,., was in- 
creased from 1.8 to 72 mm Hg, the catalytic velocity constant, Ky, de- 
creased by a factor of more than 40 (Fig. 2, and Table 1), In view of 
the lack of data on the partial pressures of (CgHs),O and BFs over solutions 
of (CgHg),O in the etherate, we can give no precise figures for the con- 
centration of ether in the liquid phase which corresponds to a given value 
of PS. But Raoult's law may be applied when the mole fraction of ether 
in the solution is small (~ 0,03), The effect of ether on the catalytic 
activity of (CyHs),0+BFs is similar to the effect of water on the acidity 
of mineral acids (phophoric, sulfuric, etc.), This powerful effect of ether, 
even at low concentrations, can only be explained by its basic properties, 


> Figure 3 and Table 1 show the dependence of the velocity constant 
pean he of the polymerization, Ky, on the equilibrium pressure of boron trifluoride 

‘60 mm Hg in the gas phase, At relatively low pressures of BF, there was a linear re- 
ae lation between Ky and Ff. . As Pi, was raised to 100-200 mm Hg this 


Fig. 2, Dependence of the linear relation broke down, and the value of Ky increased more slowly 


velocity constant of the poly- than before, Judging from Experiments Nos, 21, 22 and 23, where BE 
merization of i-C,Hg, in the : 


presence of the etherate of varies from 215 to 290 mm Hg, it may be concluded that at large pressures 
hoon teifinertde: ‘onthe of boron trifluoride the velocity constant does not alter (within the limits 
pressure of ether in the gas Cae ee. 

phase, 


TABLE 1 
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Footnote, PBF, and pe th re the original pressures of BF, and ether in the reactor; 


Pr, and PB. are the equilibrium pressures of BF, and ether in the reactor; P,,, is 


tot 


the total pressure in the reactor after the addition of BFs.and ether; ps , is the 


equilibrium pressure of etherate in the gas phase; pl -t is the quantity of etherate ad- 


sorbed on the surface of the quartz; Ky, is the bimolecular constant expressed in terms 


of the decrease in pressure of i-C,Hg in a reactor of volume 1 liter with 1 mole of 
adsorbed etherate, 
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At t= 70° and Pic H, > 100-150 mm Hg, the reaction diverged from the bimolecular in the same way 
as with phosphoric and suffuric acid catalysts (3, 4), The nature of this divergence was as follows: with a rise 
in Pi-C.H, there was a decrease in the bimolecular velocity constant Ky, and the degree of conversion fell 
below the value corresponding to a kinetic curve of the second order, The experimental data for the relation 
between the rate of polymerization, W, and P;_¢ Hg could 


be expressed satisfactorily by an empirical equation of the 
6 
e same type as for sulfuric and phosphoric acid catalysts: 
w (1 + 
2 
- where A and a are parameters, 

0 

fn 100 mm Hg For instance, with a catalyst characterized by Pir, = 


PEF 


= 16 mm Hg and ps. = 15 mm Hg, a change in Pi-C4Hy 
Fig. 3, Dependence of the velocity con- 
stant of the polymerization of i-CgHg in 
the presence of the etherate of boron 
trifluoride, on the pressure of boron tri- It is evident, from the data in Table 1, that the etherate 
fluoride in the gas phase. of boron trifluoride is an effective catalyst for the polymeriza- 
tion of i-C,Hg, An etherate, characterized by i, =67 mm Hg 


from 50 to 390 mm Hg produced a tenfold decrease in the 
bimolecular velocity constant, 


and PB. = 5.5 mm Hg at 70°, showed the same catalytic activity as 70% sulfuric acid with an acidity function of 
— 6,05, 


Judging by its catalytic activity, the etherate must have the properties of a strong acid, Wichterle [5] 
showed that, in 100% etherate as medium, the indicator benzalacetophenone (pKg = — 5.6) was ionized to a 
considerable extent, We used the following indicators: o-nitroaniline, 5-chloro- 2-nitroaniline, 2,4-dichloro- 
6-nitroaniline and 2,4-dinitroaniline , to determine the acidity functions of etherate- ether systems, 

Cz 
Cp 


For 100% etherate, the value of log for the indicator 2,4-dinitroaniline was equal to 1.8, If we 


follow Wichterle in assuming that, for concentrations of etherate near 100%, pKg for the indicator is the same 
as in aqueous solution, then Hy for 100% etherate must be — 6,2, 


Meerwein [6] and Greenwood and Martin [7] considered that the etherate dissociated to form the CgHg* 
ion, If this were so, the products of polymerization of i-C,Hg should contain transformation products of the 
ions and CyHgOBF,” (CgHy, But these substances could not be detected by mass-spectro- 
graphy in the polymerization products of i-C,Hg, in an etherate medium, We conclude that the etherate ionizes 
by means of a C—H linkage, Isobutylene ionizes in an etherate medium as follows: (CgHs),OBFs + i-CyHy = 
= i=C,Hy" + CyHoOBF; , and further transformation procedes by the usual acid mechanism. 
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PHYSICOCHEMICAL INVESTIGATION OF SOME SYSTEMS CONTAINING 
TRIETHYLALUMINUM AND ITS DERIVATIVES 


A, Il, Graevskii, Sh, S, Shchegol’, and Z, S, Smolian 


(Submitted by Academician A, V, Topchiev, August 5, 1957) 


Triethylaluminum and titanium tetrachloride can be used as catalysts for the low pressure polymerization 
of ethylene, propylene and other alkenes (1, 2]. Depending on its method of preparation [3-5], triethylaluminum 
usually contains considerable quantities of products of oxidation and decomposition (hydride and ethoxide) and 
also halogen derivatives, In view of the differences in behavior of these products in the polymerization process, 
it was of interest to make a quantitative study of the composition of a sample of triethylaluminum synthetized 
from ethyl bromide, and to investigate its use as a catalyst for the preparation of polyethylene and polypropylene, 
For this purpose we made use of the capacity of many organic compounds of aluminum to form complexes, at 

the expense of the unfilled 3p electron level of the central aluminum atom, with nucleophilic reagents con- 
taining atoms of nitrogen, oxygen or fluorine [6-8]. 


975 ohm ohm 19°F 


1 4r b 10 c 
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2r 
25+ 
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Fig. 1, Conductimetric titrations with quinoline in cyclohexane 
solution: a) Al(CgHg)3, b) Al(CjHs)gBr, c) Al(CgHs),H, Here 
and in the following curves, t/p is the mole ratio of quinoline, 

added in the titration, to aluminum, contained in the sample being 
titrated, 


Pure triethylaluminum, diethylaluminum hydride, diethylaluminum bromide and diethylaluminum 
ethoxide, synthetized by known methods [3, 4, 9], were dissolved in cyclohexane and titrated with quinoline, 
either potentiometrically in a cell with silver and platinum electrodes, or conductimetrically in a cell with 
unplatinized plate electrodes, The titrations were done in an inert gas atmosphere, A PL-5 potentiometer 
was used for measuring electrode potentials in the potentiometric titrations; direct current was used for the 
conductimetric titrations, and the voltage could be varied from 1.5 to 30 volts;* the current was measured 
with a mirror galvanometer, type M-21, or a microammeter, 


The conductimetric titration curves for individual substances (Fig. 1) showed that quinoline forms with 
triethylaluminum an electrically conducting complex Al(CjHg)3*CgH7N with diethylaluminum bromide a 
conducting complex Al(C,Hg)2Br+CgH,N and with diethylaluminum hydride a nonconducting complex Al(C3Hs),H + 


* CgHyN and a complex Al(CgHg)gH* 2CgH;N which is a good conductor, Diethylaluminum ethoxide does not form 
complexes with quinoline, 


* In view of the high internal resistance of the cell (0,1-1 meg),the current was very small and polarization of 
the electrodes could be neglected, 


a 
t 
Pp P P 
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The previously unknown complex Al(CgHs),Br+CgH,N was isolated during the course of the investigation; 
it crystallized from cyclohexane in the form of colorless crystals of m. p, 45°. 


1075 


= | 


/ 


P 
Fig. 2, Conductimetric titration of a Fig. 3, Potentiometric titration of a 
mixture containing Al(C,Hg)s, mixture containing Al(C2Hs)s, 


Al(C3Hg)2Br, Al(CgHs)gH, Al(CgHs)2OC AK(C3Hg) Br, Al(CgHs)gH, 


The potentiometric titrations confirmed the conductimetric results, and the changes in electrode potential 
at the turning points were considerably more distinct than the conductivity maxima, 


mv Figures 2 and 3 show the curves for the conductimetric and 
500 potentiometric titration of mixtures containing Al(C2Hg)3, Al(CjHg)2Br, 
and These curves may be interpreted 
40 as follows, The growth in conductivity from its original value to the 
J00}- first maximum (Fig. 2) can be explained by the formation of well 
200\- conducting complexes between quinoline and triethylaluminum or 
Mi diethylaluminum bromide, At these first maxima Al(CgHg)3 and 


Al(C,Hs)2Br are completely titrated, The subsequent decrease in 
0 J conductivity is due to the formation of the nonconducting complex 


Al(C3Hs)2H *CgH7zN which, on the addition of excess of quinoline, is 

p converted into the complex Al(C,Hg)gH 2CgH;N, and the conductivity 
~200 of the system rises again, The position of the second maximum 
-300 | corresponds to the complete conversion of the hydride into a bimolecular 
| complex with quinoline, On further addition of quinoline the con- 


ductivity of the mixture falls, since quinoline is a nonconductor, and 


. . . aluminum ethoxide does not form a complex with quinoline, 
Fig. 4, Potentiometric titration of 


the equimolecular mixture Interesting results were obtained by the titration of an equi- 
+ molecular mixture of Al(CyHs),Cl and AKC ("sesquichloride"), 

This mixture could not be investigated conductimetrically, because 
titration with quinoline in cyclohexane gave a crystalline precipitate, probably an insoluble complex of quinoline 
with ethylaluminum dichloride, The formation of this precipitate caused a sharp drop in the current through the 
conductimetric cell because of a marked increase in the resistance between the electrodes, At the point of the 
potentiometric curve (Fig. 4), corresponding to a mole ratio of quinoline to aluminum equal to 0,5, there was a 
sharp change in potential, supporting the suggestion that a complex was formed, 


Our work is also of practical interest, as it provides a rapid and reliable method of determining active 
triethylaluminum for estimating the relation between catalyst and cocatalyst in the production of polyalkenes, 


mv 
300 
200 
100 
| 
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A COPPER CATALYST FOR THE OXIDATION OF PROPYLENE TO ACROLEIN 


O, V. Isaev, M, la. Kushnerev, and L, Ia. Margolis 


(Submitted by Academician V, N, Kondrat'ey, August 6, 1957) 


Investigation of the oxidation of propylene to acrolein on a series of metallic oxides [1] showed that, with 
cuprous oxide, oxygen could be introduced into the hydrocarbon molecule without removing the double bond, 
leading to the formation of the unsaturated aldehyde, acrolein, 


It is known that cuprous oxide is a typical defect-type semiconductor, whose electrical conductivity in 
the temperature region of 0 to 250° varies from 10°® to 10? ohm * cm"! depending on its oxygen content [2], 
A comparison of the electrical properties of cuprous oxide with its adsorptive capacity for propylene showed 
that, the less oxygen there was in the catalyst, the greater was the so.ption of propylene, It was probable that 
the catalytic activity of cuprous oxide would also change with a change in its oxygen content, 


A number of foreign patents [3, 4] gave data on the preparation of active catalysts for this process, based 
on cuprous and cupric oxides, In one of these patents [4] it was stated that cupric oxide is inactive for the 
above reaction, But the more recent patents recommended the use of cupric oxide supported on different 
carriers, It was not made clear what was the phase composition of the copper catalyst, what occurred on 
the catalyst at the time of reaction and which of the oxides was catalytically active. 


Three series of experiments were carried out to elucidate these questions, using as catalysts: 1) cupric 
oxide CuO, 2) cuprous oxide CugO and 3) metallic copper, supported on pumice, 


Cupric oxide was prepared by saturating pumice with a solution of Cu(NOs), and calcining at 500° C, 
Cuprous oxide, prepared by the method of D, N, Finkel'shtein [5], was washed and applied to pumice from its 
aqueous suspension, Metallic copper was obtained by reducing the oxide supported on pumice in a stream ot 
hydrogen at 300-350° C, 


The phase compositions of the catalysts, before and after use, were investigated by x-ray diffraction, 
The diffraction patterns were photographed with a Debye camera 57,3 mm in diameter, using the iron K g 
frequency, 


The catalysts were tested by the flow method at atmospheric pressure, using a mixture of propylene and 


air containing 10-12% of propylene and about 20% of oxygen, in the temperature range 300-400", for periods 
of 40 minutes, 


Figure 1 shows the x-ray diffraction results obtained with the three catalysts; the abscissa represents d, 
the distance between the planes of the crystal lattice, and the ordinate represents the intensity of the line, 
determined visually, 


Treatment of cupric oxide with a propylene-air mixture at 300° C did not alter the phase composition 
of the catalyst, But raising the temperature to 400° caused reduction to cuprous oxide and to the metal, Under 
the same conditions, cuprous oxide was always partially reduced to metal, When the propylene-air mixture 
was passed over copper at 300° there was partial oxidation to Cu,O, 


Further investigation of these catalysts by electron diffraction showed that, after treatment with the 
propylene-air mixture, the surfaces of all the samples were covered with a layer of cuprous oxide, 


; 
131 


Thus, in the presence of the propylene-air mixture, cupric oxide was reduced to CugO+Cu, and metallic 
copper was oxidized to cuprous oxide, The oxidation of propylene to acrolein took place in the presence of 

cuprous oxide, The appeerance of the metallic phase in this system can be explained by the reduction of CuO 
to metal, Analysis of the outgoing gas, after the oxidation of the propylene, showed almost complete absence 


Lil 

7 Cu-Cu,0 


Fiz. 1, Changes in the phase composition of copper catalysts during 
the oxidation of propylene with atmospheric oxygen. 

1) Original cupric oxide; 2) cupric oxide after reaction at 300°; 
3) cupric oxide after reaction at 400°; 4) original cuprous oxide; 
5) cuprous oxide after reaction at 350°; 6) original metallic copper; 
1) copper after reaction at 300°, 
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Fig. 2, Changes in the composition of copper oxide catalysts after 
reduction with a mixture of propylene and nitrogen, 

1) Original cupric oxide; 2) cupric oxide after reduction at 300°; 

3) cupric oxide after reduction at 400°; 4) original cuprous oxide; 
5) cuprous oxide after reduction at 200°; 6) cuprous oxide after 
reduction at 350°, 


of oxygen, Thus, during the reaction, the catalyst was working in a reducing atmosphere, so that the conversion 
Cu,O—* Cu could occur, To investigate this phase change, the catalyst was treated with a mixture of propylene 
and nitrogen, containing 10% of propylene and less than 1% of oxygen, at 200-400°, The x-ray diffraction 
results are shown in Fig, 2, Considerable reduction of cuprous oxide to copper was found at 350°, When the 
mixture was passed over cupric oxide at 300°, there was partial reduction of the oxide to metal, When the 
temperature was raised to 400°, the cupric oxide was rapidly and completely reduced to copper, The introduction 
of oxygen into the mixture, as described above (see Fig, 1) again led to partial oxidation of the metallic copper 
to cuprous oxide, Cupric oxide was not observed in this diffraction photograph, 


7 
132 | 


Thus, depending on the proportion of propylene, the addition of oxygen to the reaction mixture should 
either depress or enhance the reduction of cuprous oxide, 


From what has been said above, it is clear that the composition of the catalyst is self-regulating by the 
reversible processes of reduction of CugO to Cu and of oxidation of Cu to Cu,O, Depending on the composition 
of the reaction mixture and the temperature conditions of the catalytic process, the phase composition of the 
catalyst changes, and there is either an enrichment of cuprous oxide or the oxygen content of the cuprous oxide 
increases, In either case there is a change in catalytic activity with respect to the oxidation of propylene to acrolein, 
The introduction of oxygen in one case, and of propylene in the other, leads to an increase in the activity of the 
catalyst, which is in agreement with the data of the patents [6-8], where it is recommended that the catalyst be 
regenerated by stopping the supply of propylene or oxygen, 


LITERATURE CITED 


{1] L, la, Margolis, S, Z, Roginskii, and T, A, Gracheva, J. Gen, Chem, 26, 1368 (1956). * 
(2) A. F, loffe, "Semi-conductors in contemporary physics" Bull, Acad, Sci, USSR (1954), 
(3) British Patent 658,179, March 10, 1951; C, A, 46, 4562 (1952), 

[4] British Patent 640,383, July 19, 1950; C. A, 45, 1619 (1951). 


[5] Iu. V, Kariakin and 1, 1, Angelov, Pure Chemical Reagents, (Moscow, 1955).** 


[6] British Patent 668,867, March 26, 1952; C, A, 47, 1729 (1953). 


(7] U.S, Patent 2,608,585, August 26, 1952; C, A, 47, 800 (1953), 
[8] British Patent 671,123, April 30, 1952; C, A, 46, 8845 (1952), 


Institute of Physical Chemistry of the 
Academy of Sciences of the USSR Received July 25, 1957, 


* Original Russian pagination, See C, B, Translation, 
** In Russian, 


133 


= 


LIQUID RISE IN CAPILLARIES OF VARIABLE CROSS SECTION 
AND CAPILLARY HYSTERESIS 
M, M, Kusakov and D, N, Nekrasov 
(Submitted by Academician A, V, Topchiev, August 8, 1957) 


For capillary tubes of circular cross section, the height, h, of capillary rise of a nonviscous liquid can be 
found from the condition 


=O» (1) 


where U, the potential energy of the wetting liquid in the capillary is given by 


h h 
U = rpg \ dh— 2x \r dh, (2) 
0 


where p is the density of the liquid, g is the acceleration due to gravity, r is the radius of the capillary and 
o is the surface tension of the liquid at its boundary with the saturated vapor, Equation (2) is correct provided 
that the meniscus has a spherical form and that the liquid wets the capillary, In this expression the function 
r=f(h) determines the form of the capillary (representing a surface of revolution about an axis conciding with 
the axis of the capillary); for a cylindrical capillary r=1%, where 1 is the radius of the capillary; for conical 
capillaries r=a+ bh, where a and b are constants; for a periodic contraction and expansion (for example, 
according to a sinusoidal law) of the capillary r= a+8 siny h, where a, 8, and y are constants, etc, The 

2 

U 
real positive roots hy, hy,...,hj,..., of Equation (1) for ~ 2 > 0 are the heights corresponding to 

unstable equilibrium.* Liquid rise occurs in the capillary over the range of values of h from 0 to ly, or from 


U 
hj to hj44, if over this range & < 0; but, for values corresponding to the range for which > 0, liquid 


oh dh 


rise can only be accomplished at the expense of external work, For cylindrical and conically diverging capillaries 


there exists one height of capillary rise, for conically converging (open) capillaries two heights [2], and for 
periodically contracting and expanding capillaries several heights, In the last case the number of heights is 
always limited, determined by the number of positive real roots of Equation (1), i.e., on the form of the 
capillary or the nature of the function r= fh), 


The heights of capillary rise of a liquid in a capillary of variable cross section can also be found by the 
simultaneous solution (for example, graphically) of the obvious pair of equations 


* Mention is made in [1] of the possible existence of several positions of equilibrium for liquids in capillaries 
of variable cross section, 
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I= 
heg = \ (3) 
(h) 
135 


2 
It is interesting to note that, for a capillary whose form is given by the equation r= wa (the internal 


2 
form of the capillary is obtained by rotation of the hyperbola rh = os about a vertical axis), any height will 
be found to be in equilibrium. 


Obviously this circumstance is connected with the nonreproducible heights of capillary rise sometimes 
observed experimentally with certain liquids, In many cases cylindrical capillaries are found to have a variable 
cross section, and, if the shape of the capillary and the values of o and p for the liquid are such that the con- 


dition rh = 5o_ is even approximately fulfilled, non-reproducible results will be found for the height of 
p 


capillary rise, 
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Fig. 1, a) Capillary profile: experimental (continuous line) and cal- 
culated (dotted line); b) dependence of the potential energy of the 
gravitational and capillary forces, acting on the liquid in the capillary, 
on the height; c) dependence of hydrostatic and capillary pressures on 
the height [graphical solution of Equations (3)]. 


Experimental confirmation of the above considerations was obtained from the capillary rise of water in 
a converging conical capillary, and also in a specially made glass capillary which periodically converged and 
diverged in accordance with a sinusoidal law, As an example, for the sinusoidal capillary, we show graphically 


2 
U =f (h)? hpg =f(h) and = =f(h), In Fig, 1, a the continuous line shows the actual profile of one of the 


capillaries (obtained by measurement of the internal diameter under the microscope after grinding away half 


* In the graph of U = f(h) the value U= 0 is conditionally combined with the observed value of the energy. 
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the capillary) and the dotted line shows the profile calculated from the equation r= a+ 8 siny h, where the 
constants a, 8 and y were found by combining the results of measuring 2r for different values of h, For the 
capillary under consideration a = 0,034, 6 = 0,022, and y =3,38, It is clear from the graphs of U = f(h) (Fig, 1, 


b), hpg = fh) and =. = f(h) (Fig. 1, c) that, for the given capillary with water, there should be nine heights 


of capillary rise, of which five (hy, hg, hg, hy, and hg) correspond to stable equilibrium, and four (hg, hy, hg and 
hg) to unstable equilibrium, Experimentally (both with raising and lowering of the liquid) all five heights were 
observed, and their values practically coincided with those calculated from Equations (1) or (3), The most 
stable height in this case was the first of the stable heights, which is in accordance with the graph of U = f(h), 


Thus, conclusions as to the existence of several heights of capillary rise in capillaries of variable cross 
section, a phenomenon known as capillary hysteresis, can be obtained from consideration of the general con- 
ditions of equilibrium of liquids in capillaries. 
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THE MECHANISM OF THE ANODIC FORMATION OF BICHROMIC ACID 


A. I. Levin and S, S. Savel'‘ev 


(Submitted by Academician A, N, Frumkin, July 22, 1957) 


The direct electrochemical method for obtaining bichromic acid makes use of the equilibrium established 
between chromate anions in the absence of an electric current [1]: 


2CrO2” + 2H+ 2HCrOy Cr,02- + 


Experiment shows [2] that, with a decrease in pH and with an increase in the concentration of the 


electrolyte containing chromic anhydride, the above equilibrium is displaced to the right, that is in the direction 
of the formation of 


It would be expected that the desired change in ionic equilibrium would be subject to a definite kinetic 
law, Indeed, from consideration of the electrode processes in a chromium bath [3], it follows that, when high 
enough potentials are created at the anode during electrolysis, there is a very marked shift of the pH of the 
anolyte toward the acid region, If we take an aqueous solution of sodium bichromate, then at high current 
densities in consequence of the considerable polarization, the predominant anodic process must be the reaction 
of the formation of isopolychromic acids of the type i.e., HygCrgOy9, with the 


formation of chromic anhydride, which concentrates in the layer around the anode in the form of bichromic acid 
and its analogs, 


For practical investigation of the reaction, the anodic processes were studied in a bath resembling the 
mercury electrolytic cell used for the manufacture of chlorine and alkali: 


Hg-|H:0, NaOH || H,O, Na,Cr,0,, 


The anodic and cathodic compartments were separated by a diaphragm, and the anode was made of lead 
peroxide, On electrolysis, alkali was formed in the catholyte, while in the anolyte there was formed a poly- 


chromate solution containing sodium bichromate and bichromic acid, whose concentration increased during the 
electrolysis, 


Investigation of the possible anodic processes at a lead peroxide electrode has shown that the discharge 
of hydroxy] ions is accompanied by a high polarization[4], At a high enough anode current density there is 
finally an increase in the concentration of Cr,07 ions and an increase in the acidity of the electrolyte. In this 
case the activity of the OH ion drops considerably and its discharge potential becomes very high, It is because 
the anodic oxidation of hydroxy] ions is greatly retarded in strongly acid solutions that conditions are reached 


for other possible processes to occur, It may be presumed that one of the following processes will take place at 
the anode: 


0,0002 T H*]* [0 


9g = got + 220002 10] 
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in which it is known [5] that gy, 2, and gs, calculated from the free energies of the Reactions (1), (2), and (3) 


are 1,229, 1,776, and 2,42 volts, respectively, The high value of the equilibrium potential of Reaction (3) shows 
that the formation of atomic oxygen according to Equation (3), in the presence of Cr,0? ions, is only possible 
when the oxidation of bichromate anions is taking place at high overvoltage. However, Fig. 1 shows that the 
value of the anodic potential, ya, in a bath containing sodium bichromate, did not reach gg, even at large 


current densities. 
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Fig. 1. Change of anodic potential, gg, 
with increasing current density, ig, for a 
solution of NagCr,0;, 1) 500 g/liter; 


2) 700 g/liter. 
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Fig. 2. Dependence of the yield of HyCr,O, 
per unit current on the initial concentration 


of NagCr,O,, a) Saturated at 30°, b) at 
35°, c) at 40°, d) at 45°, 


It may be concluded that the anodic oxidation of 
water procedes with the formation of molecular oxygen 
{Reaction (1)j and not by Reaction (3) to give atomic oxygen, 


According to Glesston [6] all the irreversible processes 
of anodic oxidation take place with the intermediate forma- 
tion of hydrogen peroxide, i.e., by Scheme (2), According 
to this hypothesis the formation of bichromic acid should 
also pass through a primary stage of the formation of H,O, 
at the anode, But such a discharge mechanism is unlikely 
for the conditions under consideration, At the very high 
concentration of bichromate anions and the low activity 
of H,O in the neighborhood of the anode the rate of forma- 
tion of H,O, must be quite insignificant, Because of this 
the potential yg» of the reaction of formation of hydrogen 
peroxide, shifts toward the positive side, When it is con- 
sidered further that, in the absence of a depolarizer, hydro- 
gen peroxide would be rapidly decomposed (into water and 
oxygen), it is reasonable to adopt the view that the incon- 
siderable quantity of HzO, produced cannot play any signifi- 
cant part in the oxidizing action, Thus, the influence of 
hydrogen peroxide on the kinetics of the formation of bi- 
chromic acid can be disregarded, 


It is also found that, in the electrolysis of sodium 
bichromate solution, there is a loss of water from the 
anolyte which is due to decomposition, This obviously 
takes place by Reaction (1) which, however, procedes 
more slowly than with the above- mentioned content of 
sodium bichromate in the original solution, This observa- 
tion supports the view that the optimum condition for the 
electrolysis of sodium bichromate is with a high concentra- 
tion of NagCr2O, in the electrolyte, The predominating 
anodic process is then the reaction of the formation of free 
bichromic acid and its analogs— the isopolyacids— at the 
expense of the direct participation of the Cr,07 anion in 
the anodic process, 


From consideration of the anode process, it is not diffi- 
difficult to see that the high activity of the Cr,0?” anion 
favors the course of the reaction producing bichromic acid 
and retards all the remaining processes, This view is 
supported by the fact that the yield of chromic anhydride 


per unit current (Fig. 2) markedly increased with the concentration of sodium bichromate, with which it forms 
the compound NagOCrOg)p. 


Lead is almost the only electrode material suitable for carrying out the process for the production of the 
free acid, since the formation of peroxide on the surface occurs more rapidly than the discharge of OH” or H,O 
at their prevailing concentrations, Lead acts as a catalyst for the discharge of the Cr,0}" anion; this is linked 


with the formation on its surface of lead peroxide, which plays the part of a specific oxygen carrier {7J. The 
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electrochemical process for the formation of bichromic acid cannot be carried out successfully if its rate is low, 
It is therefore necessary to ensure that the volume of electrolyte, determining the concentration of the solution, 
and the current loading of the bath are strictly in the correct ratio, 


Hydrolysis does not occur in the short period of time in which a large quantity of bichromic acid is formed, 
For this reason, the yield per unit current markedly increases at high current densities per unit volume and with 
rapid removal of the acid formed in the anolyte, Side reactions, reducing the yield of bichromic acid per unit 
current, are best prevented by reducing the quantity of anolyte in the space between the diaphragm and the anode, 
The anolyte should be in the form of a thin layer which is continuously circulating. Circulation is also necessary 
so that the bichromic acid, formed in large quantities, is immediately removed from the anolyte. 


The direct electrolytic production of bichromic and polychromic acids in solution is of practical interest, 
since from such electrolytes it is subsequently possible to obtain compact cathodic deposits of chromium, 
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SCHEME FOR CALCULATING THE PHYSICOCHEMICAL PROPERTIES 
OF DERIVATIVES OF PARAFFIN HYDROCARBONS 


Iu. A. Pentin 


(Submitted by Academician B, A, Kazanskii, August 2, 1957) 


Rules, governing a number of physicochemical properties of different types of hydrocarbons, can readily 
be formulated with the aid of V, M, Tatevskii's conception of types and subtypes of carbon-carbon and carbon- 
hydrogen bonds [1], A scheme, based on this conception, for calculating the physicochemical characteristics 
of hydrocarbons [2] gives good agreement with experimental results, and it is also possible to deduce the 
characteristics of substances which have not been investigated and even of substances which have never been 
produced, but the possibility of whose existence is predicted by the theory of chemical structure, 


There is great theoretical and practical interest in the possibility of extending the use of this conception 
to calculate the physicochemical properties of other classes of organic compounds (besides hydrocarbons), In 
this paper we consider, as an example, derivatives of paraffin hydrocarbons of the general formula 


CrHon (1) 


where X is a univalent substituent group, 


Applying the conception of subtypes of chemical bonds* to compounds of this structure, we suppose that 
the properties of a bond as with hydrocarbons, are determined mainly by the atoms forming the bond and by 
atoms directly linked to these, There are the following general forms of subtype of bond for C~C, C—H, and 
C—X in compounds of structure (1): 


where i andj show whether the carbon atom is primary, secondary, tertiary, or quaternary (i, j=1, 2, 3, 4) 
and the indices k and 7 show how directly X is linked to the particular carbon atom (k,2 =0, 1, 2, 3). Bond 
subtypes characteristic of ethane and methane derivatives cannot be taken into account, as they do not appear 
in higher homologs, 


We now set out to express some physicochemical property P (molecular volume, refraction, energy of 
formation from atoms, etc,) of substance (1) in terms of the corresponding partial properties pij , pk (H), 
pk (X) of the different chemical subtypes of bond, the numbers of each subtype being given by the coefficients 
nf . nk (H), and nk (X); then 


kl 


k k 
Xin = Da ttt (H) pi (H) + nk (X) p(X). 
ij i i 


* The types of bond in these compounds are 
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It turns out, however, that the coefficients nk (H) and nk (X) depend on the coefficients ni and can 
be obtained by a linear combination of the following: 


n° (H) 3(n% + + nve), 
ni (H) = 2 + att + nis + ale + ais nig) 
n? = -+ + + nt + nit, 

ni (H) = (nt + nll + + + nol + + nis + Ad + 
n&(H) = 2/5 (0% + + n2 + n® + nm + nis nee +- + nic + 
ni(X) = + nit + nl2 + nie + all + 

n2(X) = 2(n20 + + ne +- + 

n3(X) = 3(n% + + + + nt + nM), 

ni(X) = + nll + + + ag + 2a + + t+ ay), 
ni(X) = 3/5 + all + + net + nol + nll + + nti + + ni). 


If the expressions given by (4) for nk (H) and nk (X) in terms of nk are substituted in (3), and the 


corresponding terms are grouped, we obtain for the physicochemical property P, the equation 


kl p 
Po Mente = nij P ii ’ (5) 


which does on contain terms with coefficients nf, The new constants pk are combinations of the partial 
properties pk? , pk (H), and pk (X), arising die the above subtypes of the Cc—C, C—H, and C—X bonds; the 
expressions for Pjj are not reproduced so as to avoid encumbering the text, 
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“- 0 Fig. 2, Experimental (1) and calculated (2) values 

wits of the molecular refraction, MRD, in ml/mole of 
OH, 

Fig. 1, Experimental (1) and calculated (2) values some alcohols Cottey 


of the molecular volume, V ” in ml/mole of some 
alcohols CgHy,OH, 


Thus, the physicochemical property, P, of a 
substance is represented in the final calculation by the 
the number of C-C chemical bonds of the various subtypes and some values of pk? which, according to the 
scheme of evaluation, must remain relatively constant for all the compounds of a given class, These constants 
cannot yet be calculated theoretically, Verification of the usefulness of Equation (5) and, hence, of the above 
conception, can be obtained, either by comparing P Ri values calculated from experimental values of a physico- 
chemical property, P, for different compounds of the type (1) with a given substituent X, or by determining Pj) 


values for one group of compounds of this type and using these values to calculate P for comparison with experi- 
mental results for another group of compounds, 


1 (4) 
= 
“| 
‘ 
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144 


So far the scheme has only been tested by calculating some physicochemical properties of monohydric 
alcohols (X = OH), The precision of these calculations is illustrated in Figs, 1 and 2 by curves showing the 
experimental and calculated values of the molecular volumes and refractions of some alcohols, The points 
on the x-axis correspond to different isomers of the alcohol CgHygOH: 1) nonan-1-ol, 2) nonan-3-ol, 3) 
nonan-5-ol, 4) 3-methyloctan-4-ol, 5) 2,5-dimethylheptan-5-ol, 6) 2,5-dimethylheptan-4-ol, 7) 
2,2,4-trimethylhexan-4-ol, 8) 3,5,5-trimethylhexan-3-ol, 9) 2,4-dimethyl-3-ethylpentan-3-ol, 10) 
2,2-dimethyl-3-ethylpentan-3-ol, 11) 2,2,3,4-tetramethylpentan-3-ol, 


The thick lines on the figures show the experimental data, the thin lines show the calculated results, 
The coincidence of these lines is satisfactory; the general shapes of the curves agree well. Without the use 
of the conception of subtypes of bond in this case (isomers with the same molecular weight) we should obtain 
constant values of the physicochemical characteristics, which would be contrary to the experimental results, 


TABLE 1 
Values of the Constants we in ml/mole for Calculating the Molecular 
Volumes and Refractions of Monohydric Alcohols 


9,404 2.3 3,806 
8,806 3,924 
8,194 -3, (3,454) 
7,347 5; 2,528 
5, 1,590 


13,74 5,262 


* The value of this constant was obtained from only one equation, 


The values of the constants pi for calculating the molecular volumes and refractions of monohydric 
alcohols, shown in Table 1, were obtained by the method of least squares from the ope? values of these 
eee for 54 alcohols (for which there was data in the literature ond? and n D 20) The values of the 
constants PK! (k andz =0), for the C—C bond isolated from the hydroxyl group, are the same as the correspond- 
ing values for the alkanes calculated by Tatevskii and his co-workers, and may be obtained from [2], Recently 
the scheme has also been used for calculating the magnetic susceptibilities of some alcohols [3], and the agree- 
ment between experimental and calculated results was again fully satisfactory, 


It would be very interesting to test the application of the scheme to calculating the properties of com- 
pounds of other types (X =F, Cl, Br, I, NHg, etc,), But it is already clear that possibilities of explaining and 
predicting values of the physicochemical constants of organic compounds based, in particular, on such con- 
ceptions of the theory of chemical structure as the valency state of the atom and type and subtype of chemical 
bond, have a wider application than was shown previously [2], both in respect to the groups of substances and 
properties which can be included, 
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INVESTIGATION OF THE RADIOLYSIS OF HYDROCARBONS 
BY A SPECTRAL METHOD 


L, S, Polak, Academician A, V, Topchiev, 


N. la, Cherniak and I, la, Kachkurova 


The greatest difficulty in investigating the radiolysis of hydrocarbons is the qualitative and quantitative 
analysis of the liquid products, The determination of the ultraviolet and infrared absorption spectra is an 
essential aid in this respect, 


In the radiolysis of alkanes the basic process is the rupture of the C— H bond, a process of dehydrogenation; 
hydrogen accumulates in the gas phase, while different liquid products are formed according to whether the 
original alkane molecules lose hydrogen in the form of atoms or molecules, The loss of an atom of hydrogen 
leads to the formation of the radical C7Hys, which enters into a further reaction with loss of hydrogen, to give 
a residue in the liquid phase in the form of heptene; the loss of 2H, with the production of two double bonds 
must lead to the formation of a diene, which subsequently actively dimerizes and polymerizes, 


The ultraviolet absorption spectrum can be used to establish the presence of conjugated dienes in the 
radiolysis products, and the infrared spectrum to detect compounds with an ethylenic linkage (heptenes, etc.); 
other individual products of radiolysis can also be detected, 


We investigated the radiolysis of alkanes under the action of y-rays from Co® sources of nominal strength 
1400 and 20,000 curies, Irradiation was carried out in glass ampules which had been evacuated and sealed in 
the absence of oxygen. The gaseous and liquid phases of the radiolysis products were investigated separately 
after opening the ampules, The main part of the work was done with heptane, but some other available normal 
alkanes and isooctane and cyclohexane were also irradiated, 


The ultraviolet spectra were obtained, with a spectroscope having an attachment for automatic recording, 
in the Optical Laboratory of the Institute of Organometallic Compounds of the Academy of Sciences of the USSR, 
The spectra were usually determined over the range 30-45-10° cm”?, and in special cases over the range 
25-45-10° cm™, Figure 1 shows some of the curves obtained; the dose in millions of roentgens and the dilution 
of the sample are given for each curve, It is clear that irradiated n-hexane, heptane and octane gave similar 
curves with absorption maxima in the region of 40-44- 10° cm", The spectrum of irradiated isooctane was 
similar to that of irradiated octane, In addition to the above band, there was a further band at longer wave- 
length in the spectrum of irradiated dodecane, and this was even more pronounced in the spectrum of irradiated 
cetane, The spectrum of irradiated cyclohexane was different from that of hexane and the other normal hydro- 
carbons, for an equal dosage of 40+10° r, 


It is well known that saturated hydrocarbons are completely transparent in the region under consideration — 
~ 30-45+10° cm“! (the absorption curves of the nonirradiated hydrocarbons correspond to the base line in Fig. 1), 
and that isolated ethylene bonds absorb at a considerably shorter wavelength, 


On the other hand, the absorption of the conjugated dienes is very strong and has a maximum (e ~ 20,000) 
in the range ~ 42-46 -10° cm}, which is precisely in the region where we found maxima, 


Thus, the absorption shown by the irradiated alkanes in the region stated is in accordance with the forma- 
tion of conjugated dienes (and polyenes), 
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There is no doubt that aromatics were formed in irradiated cyclohexane, Their presence was also shown 
in the usual way — a positive formalite reaction with irradiated cyclohexane (nonirradiated material gave a 
negative reaction), 


L- 
R% 
02 OF / 
Ba 
30 35 40 45cm-"1979 


Fig, 1, Ultraviolet absorption spectra of irradiated hydrocarbons, 1) n-Heptane, dose 
99 - 10° r, dilution 1:10; 2) isooctane, dose 40+ 10° r, dilution 1:5; 3) n-octane, dose 
40+10° r, dilution 1:5; 4) n-hexane, dose 34+10° r, dilution 1:5; 5) n-dodecane, 

dose 40+ 10° r, dilution 1:10; 6) n-cetane, dose 40> 10° r, dilution 1:5; 7) cyclohexane, 
dose 10° r, dilution 1 : 20, 


Ten times as much methane was formed by irradiation from isooctane as from n-octane, and there was 
a corresponding decrease in the amount of hydrogen formed, which must have been accompanied by a decrease 
in the formation of dienes, In practice we found: 


Integrated absorption in the region 
38-10°- 45-10% cm"? 


n- octane 25.50 
isooctane 20.45 


Figure 2 shows the ultraviolet absorption curves of three fractions, obtained by fractionating irradiated 
heptane (without heating), Fraction I was the most volatile, IV was the heavy yellow residue with a molecular 
weight ~ 200; the spectrum of fraction III coincided with that of the original heptane, and is not reproduced, 
Consideration of the curves shows that the absorption of the two volatile fractions is characterized by a boundary 
on the long wavelength side and a decrease in the range 42.5-45.5+ 10° cm! (the curves differ from each 

other only in the intensity of absorption; the dilution for fraction I was 1:40 and for Il was 1:10), The ab- 
sorption found can only be due to the presence of dienes (probably mainly heptadiene, which has a volatility 
very close to that of heptane), 


Consideration of Fig. 2 supports the view that in the radiolysis of heptane, together with other conversions, 
dehydrocyclization can occur with formation of toluene. This possibility will be examined by us carefully in 
a subsequent experimental investigation, 


The absorption curve of the heavy residue (which, after separation from the original heptane, fluoresced 
strongly in ultraviolet light) showed a continuous increase in absorption from 35+ 10° to 45+ 10° cm! (the high 
dilution of 1:100 was required), Here, it is clear that absorption was due to polyenes as well as to conjugated 
dienes, and probably also to all the possible dimers and polymers obtained as the result of secondary reactions 
between dienes and polyenes, 
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Thus, the results obtained from the fractionation of irradiated heptane confirm and make more precise 
the results of Fig. 1. 
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Fig, 2, Ultraviolet absorption spectra of fractions of irradiated heptane 
(dose 137°10°r), 1) Fraction I, dilution 1:40; 2) Fraction I, dilution 
1:10; 3) Fraction IV (residue), dilution 1 :100, 


The dependence of the intensity of absorption in the range 38+ 10° - 42-10° cm” on the molecular 
weight of the alkane used is shown in Fig. 3, a, The abscissa shows the number of carbon atoms in the mole- 


D 
cule of different liquid alkanes, the ordinate shows the intensity of absorption E4» Py x dilution at a frequency 


I 
of 42-10° cm™! (D= log —*— ; d is the cell thickness; dilution of the irradiated product was necessary to 
trans 


avoid absorption of all the incident light) and also S;, the area bounded by the absorption curve, the ordinates 


at 38-10% and 44-10° cm”! and the abscissa, which is the line of full transmission (the zero line of the original 
nonirradiated alkane), 


10 100 


Absorption 


Fig. 3. a) The dependence of the intensity of 
absorption on the molecular composition of the 
irradiated hydrocarbon, and b) the dependence 
of the intensity of absorption of irradiated 
heptane on the dose. 


Fig. 4, Infrared absorption spectra 1) of original 
Both the functions characterizing the ab- and 2) of irradiated (158+ 10° r) n-heptane, 
sorption of the dienes formed by the irradiation 
of different alkanes can be represented by straight 
lines, to which the experimental points well approximate, Thus, in the range Cg to Cy, the absorption of the 
dienes increases with the number of CHg groups in the alkane molecule, Since the formation of a diene in- 


volves the loss of four hydrogen atoms, it is reasonable to suppose that the probability of such a reaction would 
increase with the number of CHg groups, 
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Figure 3, b shows the relation between the intensity of ultraviolet absorption of irradiated heptane and 
the radiation dose, Although only three points have been determined, a straight line can be drawn through 
them with some confidence, since, up to 150+10°r all the indices characterizing the change of heptane under 
irradiation show a linear increase, and the points on the graph lie close to the straight line, Since, as we 
showed above, the ultraviolet absorption in this particular region is caused by dienes (or polyenes), the straight 
line shows that there is a linear increase in the quantity of dienes with dosage from 40 to 150 million r, At 
lower doses the relation is almost sure to be linear, Further experimental work would be necessary to be cer- 
tain of what happens at higher dosage, 


The infrared absorption spectra of the original and of irradiated (dose 158 - 10° r) heptane, in the region 
900-1000 cm”® are shown in Fig. 4, The rest of the infrared spectra, which were recorded with an IKS-11 
instrument, are not reproduced as no difference between the two spectra could be observed, The measure- 
ments were made twice with slits of 0.270 and 0.235 mm, It is clear from a comparison of the curves in Fig, 4 
that irradiated heptane has a distinct band with vax ~ 965 cm”! (different from the original heptane), It is 
known that this band corresponds to the — CH=CH— bond with a trans configuration, Although it is possible 
that other olefins might be formed by the radiolysis of heptane, the formation of trans-heptene is the most pro- 
bable process, The production of this heptene is accompanied by the formation of a molecule of hydrogen in 
the gaseous products of radiolysis, i.e,, this is one of the primary processes of dehydrogenation by radiolysis. 
Similar results using infrared spectra were obtained in [2]. 


We express our deep gratitude to Corresponding Member of the Academy of Sciences of the USSR, I, V, 
Obreimoy for making it possible to record the ultraviolet absorption spectra and to Professors S, R, Sergienko 
and M, P, Teterina for recording the infrared spectra, 


LITERATURE CITED 


{1) A. Gillam and E, Stern, Electronic Absorption Spectra of Organic Compounds (IL, 1957).* 


{2} N. A, Slovokhotova and V, L, Karpov, Collection of Papers on Radiation Chemistry, Bull, Acad, 
Sci, USSR (1955), p. 206, 


Institute of Petroleum of the 
Academy of Sciences of the USSR Received October 8, 1957. 


* Russian translation, 


‘ 
= 
150 


KINETICS OF THE PROCESS OF FORMATION OF OXIDE FILMS 
ON TUNGSTEN AND MOLYBDENUM 


V. A. Arslambekov and K, M, Gorbunova 
(Submitted by Academician P, A, Rebinder, October 4, 1957) 
During an investigation of the kinetics of processes of oxidation of tungsten and molybdenum, using a 
method capable of detecting changes in weight to a high accuracy, together with the results characterizing 


the oxidation of these metals, some facts were discovered whose consideration is of interest for the interpreta- 
tion of data on the kinetics of oxidation of any metals, 


Fig. 1, Diagram of apparatus, 

1) Balance; 2) tube furnace; 3) 
measuring equipment; 4) record- 
ing galvanometer, 


The apparatus used made it possible to carry out con- 
tinuous observation of the growth of the oxide film over a 
wide range of oxygen pressure and temperature by a weigh- 
ing method, Weighing was accomplished with the aid of a 
specially constructed vacuum quartz microbalance of the 
beam type (Fig. 1). The sensitivity of the balance was 
5+1077 g for a division of the microscale (equal to 0,001 mm) 
for a load of 7g. The time of swinging of the balance was 
5 seconds, Together with visual observation, an automatic 
record could be obtained of the change in weight, using 
suitable electronic equipment and a recording galvanometer, 


The sample, attached by a long platinum wire to the 
beam of the balance, was heated by a tube furnace, con- 
structed in one of two ways: with a vacuum jacket for high 
temperatures, and without one for medium temperatures, 
With this type of construction the furnace reached a tem- 
perature of 1050° with a vacuum of 1-107’ mm Hg (a 
bifilar winding was used), The temperature was measured 
with a thermocouple situated in the immediate neighborhood 
of the sample (1-2 mm away), and was maintained constant with 
with an accuracy of + 2, The oxygen was obtained by the 
decomposition of pure potassium permanganate and was 
purified by passage through granules of pure KOH and a trap 
cooled by liquid oxygen. The sample was prepared from 
tungsten or molybdenum foil, of purity 99.95% with a sur- 
face of 8 to 30 cm? and a weight of 5 g, and was subjected 
to various preliminary treatments, The samples of the first 


series were ground and immediately degreased by treatment with a solution of KOH, The samples of the second 
series were ground, subjected to electrolytic polishing and finally washed carefully with distilled water, The 
samples of the third series were oxidized after receiving the above treatment and the oxide formed was either 
reduced with hydrogen at a temperature of 600° and P};, = 20 mm Hg, or completely evaporated in vacuo 

(~ 107? mm Hg) at temperatures of 600 and 1050° for molybdenum and tungsten, respectively. 
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The method described for the preparation of the surface and the high sensitivity of the balance enabled 
us, for the first time, to follow the oxidation of tungsten and molybdenum at temperatures close to room 
temperature (Fig. 2), which was not achieved previously even in such careful work as that of Gulbransen and 

Wysong [1]; the latter did not detect the formation of an 


ms oxide film on Mo at room temperature, 
"oe . om At higher temperatures, the quantity of oxygen 
65° reacting both with molybdenum and tungsten increased 
7 noticeably, and there was a considerable rise in the rate 
{ of growth of the oxide film on these metals, At tempera- 
2 me See eneen peer tures above 300° the growth of the oxide film on both 
a 30° W tungsten and be expressed by an equa- 
tion of the parabolic type— X°=kt+C, 
" S t = It was found experimentally that the value of k, the 
{2 4 60 80 0. oxidation velocity constant, depended very little on the 
@ 00 200. 300 400 509" size of the original (specific) surface in the case of oxide 
Fig, 2, Oxidation of tungsten and films of significant thickness, Thus, for samples of molyb- 
molybdenum at Po, = 100 mm Hg. denum with the same apparent surface, but with very 
I) W; I) Mo, different true surfaces (one sample after electrolytic 
: polishing, the other after reduction in hydrogen of the 
> previously formed MoO, film), the velocity constants at 
00-— a a a given temperature were found to be equal, but the values 
4g7° of the constant C in the equation differed considerably. 
ar For polished samples C was practically zero, and for re- 
250 cement wee duced samples C was nearly equal to the quantity of oxygen 
747° used in the preliminary formation of the oxide film, 


200 Though the increase of the specific surface, due to 
roughening of the surface layers of metal by reduction of 

150 i oxide, hardly affected the velocity constant, k, yet the 
difference in the surface state of samples, subjected only 
- La GH? to grinding or to grinding followed by electrolytic polish- 
ee 100 = oe ing, had a great effect on the value of k and even of the 
Ly 408 activation energy, but not on the value of the constant C, 
ad 50 ——— see The effects of this difference in surface treatment on the 
course of the kinetic curves are well illustrated in Fig, 3, 

0 i The variations with temperature of the velocity 
ao Fo constants of oxidation of tungsten and molybdenum, for 
= 24 mm Hg, 1) Ground; 2) polished BY 


electrolytically, Table 1, 


A probable explanation of the differences in activa- 
tion energies of samples of tungsten, subjected to grinding and electrolytic polishing, is that the grinding pro- 
duces severe mechanical distortion of the surface layers which leaves permanent strains, In the case of samples 
subsequently subjected to electrolytic polishing, the strained surface layer is dissolved, Indeed, electron 
diffraction by the latter gave a clear pattern, characteristic of rolled tungsten with a structural axis [001], 


The activation energy for the oxidation of the ground samples is reduced, obviously because of the strains 
caused by grinding. 


Both for tungsten and molybdenum, the slope of the line relating log k and 1/T is different below 360°; 
the slope shows that, in this temperature region, the process is proceding with a lower energy of activation, 
and, indeed, that the activation energy is half that prevailing at higher temperatures, 


Kinetic measurements, made when a particular sample was oxidized with successive changes from one 
temperature region to another (carried out with a number of samples at different conditions and temperatures), 
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showed that the velocity constant was greatly affected by the thickness of the oxide film. The velocity con- 
stant was greatest for a small film thickness, and decreased several fold with increasing film thickness at the 
same temperature, These relationships are evident from the data of Fig. 4, 


TABLE 1 


Temperature E in 


Experimental conditi 
P range in C, kcal/mole 


ngsten 


Electrolytic polishing, 


Po, = 24 mm 360-500 46.5 
Grinding, Po, = 24 mm 390-500 41.0 
Grinding, Po, = 100 mm 360-550 43 
Grinding, Po, =100 mm, 


thin film 200-360 22 


Molybdenum 


Grinding, Po, =100 mm 360-500 36.0 
Grinding, Po, =100 mm, 
thin film 320-360 25 


An obvious explanation of this dependence of the 
np en velocity constant on the thickness of the oxide film is 
J ae Peden A that the growth of the oxide controls the diffusion of com- 


ponents through the film, a process which is known to occur 
XN along the grain boundaries and within the crystal lattice, 


| 


S| At lower temperatures the oxidation process is slow, and 
N the oxide film does not become very thick and is commen- 
6. «45 ~ surable with the dimensions of the crystallites composing 
it, so that the decisive role in the transfer of reacting 

components must be played by diffusion along the grain 
< boundaries (or of blockages, forming in the separate grains 

oh in consequence of irregular development and growth of 


nascent oxide), characterized by a low energy of activa- 

tion, With an increase of film thickness to a value some- 

a what exceeding the dimensions of the individual oxide 

12 14 16 18. 20. 22 grains, the rate of oxidation begins to be controlled by 

Hi oa diffusion of components throughout the crystal lattice, 
which is associated with a higher activation energy, The 


Fig. 4, Relation between velocity constant role of temperature in this is taken to be its effect on the 
and temperature for the oxidation of tungsten rate of transfer from the region of small thickness of 

and molybdenum, a) Molybdenum; b) tung- oxide (with the process controlled by diffusion between 
sten, ground, Po, = 100 mm Hg; c) tungsten, crystallites) to the region of thick oxide, with control by 


ground, Po, = 24 mm Hg; d) tungsten, polished diffusion through the whole volume, 
electrolytically, Po, = 24 mm Hg, 
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EFFECT OF THE DEHYDRATION OF THE SURFACE OF SILICA GEL 
ON THE ADSORPTION OF VAPORS OF BENZENE AND HEXANE 


L. D, Beliakova and A, V, Kiselev 


(Submitted by Academician M, M, Dubinin, August 10, 1957) 


Investigation of the dehydration of the surface of adsorbents, which are proton acids, is of interest because 
the presence of surface hydroxyl groups increases the energy of adsorption of substances having electron donor 
properties [1, 2), This does not only apply to adsorbates capable of forming hydrogen bonds, but also to un- 
saturated and aromatic hydrocarbons, capable in some cases of forming molecular t-complexes with proton 
acids, Thus, baking silica gel in air so as to dehydrate the surface, decreases the adsorption of benzene vapor 
as well as of methanol [3], With an increase of the hydration of a silica surface, obtained by combustion of a 
silico- organic compound, there is a rise in the adsorption and heat of adsorption of benzene vapor, whereas 
the corresponding values for hexane remain practically unaltered [4], 
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Fig. 1, Adsorption isotherms for benzene vapor on silica gel KSK- 2, which has been baked 
at different temperatures in vacuo, Black points— desorption, Isotherms at 200° are taken 
from [8], Top right— curves for the distribution of pore size, calculated from the isotherms, 


In this paper we have investigated the dependence of the adsorption of benzene and hexane vapors on the 
concentration of hydroxyl groups in the surface of large pore silica gel KSK-2,* the changes in the gel being 


* This sample of silica gel was investigated in[5 and 6], 
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produced by dehydration in vacuo, This was done by placing the sample (about 3 g) in the quartz cartridge of 
a vacuum apparatus, and baking at temperatures of 200, 400, 500, 650, 850, 950, and 1020°, At 200 and 400° 
evacuation was continued for about 100 hours, and at higher temperatures for 25 to 60 hours, The criterion for 
the termination of baking was the practical cessation of the evolution of water at the given temperature,* The 
liberated water was absorbed by magnesium perchlorate and weighed on a quartz spring balance [7], The 
accuracy of this determination was 5+ 107° g of water for 1 g of silica gel, After dehydration at each of the 
mole stated temperatures, adsorption isotherms were measured for nitrogen 

— at — 195° (to determine the specific surface of the sample) and for 
benzene and hexane vapors at 20°, These two hydrocarbons with the 
same number of carbon atoms in the molecule are adsorbed differently 
by acid adsorbents, and a comparison of their behavior provides a means 
of estimating the condition of the surface of the adsorbent, Adsorption 
and desorption isotherms of benzene vapor were measured up to the 


cc pressure ratio p/p, =1, Adsorption isotherms of hexane vapor were 
Jos measured up to p/p, s 0.4, 
406 Figure 1 shows the adsorption and desorption isotherms of benzene 
i“ vapor, It is evident from this figure that the adsorption of benzene vapor, 
| P 2” in the region of monomolecular coverage, strongly decreases with in- 
F creasing temperature of baking of the silica gel, and that there is also 
20 600 00% a change in the shape of the isotherm from convex to concave, Figure 2 
¢ —-e shows the effect of the temperature of baking in vacuo on the specific 
Fig. 2. Changes in 1) surface surface s, the pore volume vg, and the concentration of hydroxyl groupe 
concentration of hydroxy] groups OH in the surface of the silica gel, On heating the silica gel to 850 
cgi. 2) specific surface s and both the surface of the sample s and the pore volume v, decreased by 
$) total volume of pores oe 9%, and, on heating to 950°, by 20%, However, from the distribution 
Ssieaheeits hin seuaiitiats of curves of pore size, in effect diameter (Fig, 1), it is obvious that the 
baking of silica gel KSK-2 in pore size did not alter, Significant contraction of the pores only occurred 
Sinn. on heating to a higher temperature, Thus, after baking at 1020° the 


mean pore diameter decreased from 100 to 62 A, and, as is evident 
from the distribution curves, the narrower pores came to occupy a con- 
siderable proportion of the pore space, Thus, baking a large pore silica gel in vacuo [9, 10] produced no signifi- 
cant change of structure, and heating to approximately 900° did not alter its surface appreciably?*From Fig, 2 
it is clear that the concentration of hydroxyl groups in the surface of silica gel suffered a more than tenfold 
reduction as the result of baking the sample at 950°, *** The total quantity of gas evolved between 400 and 
1020° amounted to about 4 » moles per g, i.e,, considerably less than in (13), 


Thus, in investigating the adsorption of hydrocarbons on wide pore samples, baked at temperatures from 
200 to 950°, we were using silica gels of the same pore structure, but with different degrees of hydration of the 
surface, which enabled us to study the dependence of the adsorption of benzene and hexane vapors on the single 
factor of the variation of the concentration of hydroxyl groups in the surface of the gel, 


The left hand side of Fig, 3 shows absolute adsorption isotherms of benzene vapor in the monomolecular 
region, obtained from the experimental isotherms of Fig, 1 by calculation to unit surface, determined from the 
adsorption of nitrogen, The absolute adsorption isotherms for hexane vapor are shown on the right of Fig, 3, 


The adsorption isotherms of hexane vapor on hydrated silica gel are nearly linear, and are very similar 
in character to those for hexane vapor on liquid water [14], While the adsorption of hexane vapor is practically 


* In the last 12 hours evacuation liberated about 3+ 1074 g of water from 1 g of silica gel, 


** Baking in air [11] and in water vapor [10] causes a considerable reduction in surface at lower tem- 
peratures, 


*** The slight rise in the curve at a temperature of 1020° is probably associated with the occurrence of part 
of the "structural water" of silica gel within the primary particles of the skeleton, and its evolution at high 


temperatures, It cannot be attributed to the surface, but its quantity is small, as is also shown by experiments 
on deuterium exchange [12], 
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Fig. 3, Absolute adsorption isotherms of benzene 
(left) and hexane (right) vapors on the surface of 
silica gel KSK~2 which has been baked in vacuo 
at 1) 200°, 2) 400°, 3) 500°, 4) 650°, 

5) 850°, 6) 950°, and 7) 1020°, 8) represents 
data for quartz, 


unaffected by a tenfold change in the hydration of surface, the adsorption of benzene vapor decreases by a 
factor of 3,5 (at p/p, = 0.1, curves for KSK=2 at 200 and 950°), 


In the case of the adsorption of hexane on silica 
gel there is a Van der Waals interaction with the parti- 
cipation, not only of the surface atoms of the adsorbent, 
but also of atoms within the particles of the skeleton, 
so that changes in the electrical and magnetic properties 
of the surface, caused by dehydration, do not significantly 
alter the energy of adsorption of saturated hydrocarbons, 
Van der Waals forces also have an important role in the 
adsorption of benzene, but the adsorption energy of 
benzene by purely Van der Waals adsorption [15] is less 
than the adsorption energy of hexane, As opposed to 
adsorption on graphite [15], it is evident from Fig, 3 
that the adsorption of benzene vapor on the hydrated 
surface of silica gel considerably exceeds that of 
hexane, and the heat of adsorption of benzene vapor 
on the hydrated surface of silica is greater than that 
of hexane [8], This shows that, in the adsorption of 
benzene on the hydrated surface of silica, there is an 
additional interaction of the complex type[1, 2, 8, 
16, 17] in addition to the Van der Waals interaction, 
Unlike hexane, benzene vapor shows a marked decrease 


in adsorption with a fall in the concentration of OH groups in the surface of the gel, because there is a decrease 
in the possibility of this additional interaction between benzene molecules and OH groups in the surface, With 
removal of hydroxyl groups from the surface there is a reduction in the additional specific interaction, which 
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Fig. 4, Dependence of the absolute value of the 
adsorption at p/ps = 0,1 and of the constant C in 
the BET equation on the area, wou, available 
per hydroxyl group, 1) for benzene and 2) for 
hexane, The designations of the points are the 
same as in Fig, 3, The vertical dotted line 
shows the value of WC 


* It is evident from Fig, 3 that adsorption of hexane vapor on silica gel, baked at 650° or above, coincides with 


is characteristic of the adsorption of benzene on the 
hydrated surface of silica gel, While on a hydrated 
surface the absolute value of the adsorption of benzene 
vapor, at a pressure ratio p/p, = 0.1, is more than 2,5 
times that for hexane (Fig, 3), on a dehydrated surface 
the absolute values of the adsorptions of benzene and 
hexane vapors are always similar, because on the de- 
hydrated surface the molecules of both benzene and 
hexane are only held by Van der Waals interaction, 
Since the polarizability of hexane is greater than that 
of benzene, the adsorption of hexane vapor on the de- 
hydrated surface of silica gel, as also on the surface of 
graphitized soot [15], is somewhat greater than that of 
benzene vapor, Thus, at p/p, = 0,1, the adsorption of 
hexane on silica gel KSK-2 at 950° is 1.7 times that 
of benzene,* 


Figure 4 shows the dependence of the absolute 
value of the adsorption at p/p, = 0.1, and of the con- 
stant C in the BET equation, on the area, woy, avail- 
able per OH group, for both benzene and hexane, ** 

It is clear from this figure that the main fall in ad- 
sorption and energy of adsorption for benzene vapor 
occurs over a relatively narrow range of @OH, approxi- 
mately from 3,5 to 5,5 umole/m?, which corresponds 
to a change of Woy from 30 to 45 A*, Since the 


adsorption on quartz [18], The adsorption isotherms of benzene vapor on samples baked at 1020° lie above those 
on samples baked at 850 and 950° (Fig. 3), showing that there is an increase in adsorption potential in the narrow 
pores [16], which occupy a large part of the total pore space in samples baked at 1020°, 


** See footnote on following page. 
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benzene molecule occupies about 49 A? [8, 16], when adsorbed on the surface of silica gel as a compact mono- 
layer, the rapid fall in the adsorption of benzene in this region is obviously associated with the inability of 
benzene molecules to interact simultaneously with hydroxy] groups in the surface, 
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** The BET equation is well satisfied by the adsorption isotherms of benzene vapor on silica gel baked at 200, 
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the adsorption isotherms of hexane vapor are less well expressed by this equation [16], but there is no doubt 
about the consistency of the values of the constant C, 
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CATALYTIC ACTIVITY OF GERMANIUM WITH RESPECT TO THE REACTION 
OF ISOTOPIC EXCHANGE BETWEEN HYDROGEN AND DEUTERIUM 


G. K. Boreskov and V, L, Kuchaev 


(Submitted by Academician A, A, Balandin, October 9, 1957) 


The object of our work was to compare the specific catalytic activity of the semiconductor element 
germanium with the activity of transition metals having unfilled d-levels, with respect to the reaction of 
isotopic exchange between hydrogen and deuterium, 


Tamaru and Boudart [1] investigated the course of this reaction at 302 on a film of germanium, obtained 
on glass by the thermal decomposition of GeHy, The adsorption of hydrogen was investigated as well as the 
hydrogen- deuterium exchange, The authors inclined to the view that adsorption of hydrogen on germanium 
occurred with dissociation into atoms, The activation energy of adsorption at small coverages was 14,6 kcal/mole 
the heat of adsorption 23,5 kcal/mole, The authors supposed that hydrogen atoms were linked to the germanium 


surface by covalent forces and that their mobility along the surface was considerably less than in the case of 
adsorption on metals, 


EXPERIMENTAL METHODS 


Apparatus, We investigated the catalytic activity of germanium by a static method with circulation, 
The content of HD in the hydrogen-deuterium mixture was determined by a thermal conductivity method, A 
detailed description of the apparatus is given in [2], 


The reaction was carried out in a quartz reactor in 
the temperature range 300 to 550°, at pressures from 40 
to 190 mm Hg, with an equimolecular mixture of hydrogen 
and deuterium, The reactor was separated from the rest 
of the system by two traps at liquid nitrogen temperature, 
to protect the catalyst from the action of mercury vapor, 
vacuum grease, etc, 


Catalyst, The catalyst used was monocrystalline 
germanium of the electron conductor type, with a specific 
electrical resistance of 6 ohm-cm, The germanium was 

eo we crushed in an agate mortar to a particle size of 107! mm, 

‘ 00.” sisal ; The surface was determined from the particle size, Two 
samples of germanium were vipa (aa with surfaces of 

Fig. 1, Variation of the activities of the 200 cm* (weight 2,8 g) and 100 cm* (weight 1.8 g). Owing 
two samples of germanium with the recip- to uncertainty as to the roughness, the actual value of the 
rocal of the absolute temperature, a) surface may have been somewhat greater, Before its 
Sample No, 1, S =200 cm’; b) sample catalytic activity was studied, the germanium was usually 
No, 2, S =100 cm?, reduced at 650° by circulating the hydrogen-deuterium 
mixture for 6 hours, 
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Preparation of hydrogen and deuterium, The gases used were prepared electrolytically, To remove 
possible traces of oxygen and nitrogen, both the hydrogen and deuterium were passed successively through a 
furnace containing a palladium catalyst, silica gel as drying agent and charcoal granules cooled by liquid 
nitrogen, The hydrogen was also passed through a nickel chromium catalyst at 300° to establish a high tem- 
perature equilibrium between ortho and para hydrogen, 


Heavy water containing 99,6% D,O was used to prepare the deuterium, 
RESULTS 


The specific catalytic activity of germanium was calculated from the formula 


where n is the number of moles of gas in the apparatus; S is the surface of the catalyst; C'yp, Chip» and 
Cup are concentrations at equilibrium, initial and after reaction for time t. 


TABLE 1 


Degree of Quantity of HD in 


Pressure in mm Hg | sion moles (x 10°) 


189 0.49 2.8 
130 0,50 1.9 
40 0,50 0.5 


This formula is correct for any mechanism of exchange between hydrogen and deuterium [2], 


The variations of the catalytic activities kS of both samples of germanium with the reciprocal of the 
temperature, determined at a mixture pressure of 40 mm Hg, are shown in Fig. 1, The activation energy of 
the reaction is 17 kcal/mole, The specific catalytic activity of both samples of germanium at 330° was about 


3+ 107! mole/cm*ssecond, The catalytic activity, determined before reduction of the sample at 650°, was 
somewhat higher, 


The order of the reaction was investigated for the first sample of germanium at 480°, Table 1 shows the 
number of moles of hydrodeuterium formed after 24 minutes and the corresponding degree of conversion, for 


different pressures, The same degree of conversion obtained for different pressure shows that the reaction is of 
the first order, 


DISCUSSION OF RESULTS 


Table 2 shows the specific catalytic activities of germanium and some metals with respect to the reaction 
of hydrogen=deuterium exchange, at a temperature of 300°, and a mixture pressure of 40 mm Hg, 


TABLE 2 


Catalyst 


Ge (film on 
glass) 


Ge (mono- 
crystalline) 


Cu 


Sp, cat, activity 
mole/cm? *sec 

Activation energy of 
exchange kcal/mole 


1.5+107!° 


17 


0.65-107# 


16 


k n Cun — Chin 
| — Cup 
| 
~ 
- 8.1 1.9 8.0 71,0 
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The specific catalytic activity of the germanium film, obtained by the thermal decomposition of GeHy, 
was taken from the paper quoted (1), It is clear from Table 2 that this activity is of the same order of magnitude 
as that of monocrystalline germanium in our experiments, Then, since the reaction is of the first order, and 
its activation energy (17 kcal/mole) is close to the activation energy of adsorption of hydrogen on germanium 
(14,6 kcal/mole) obtained in [1], it appears that, under the conditions of our experiments, the exchange takes 
place by an adsorption- desorption mechanism at small degrees of coverage of the germanium surface by gas 
atoms, and the limiting stage of the reaction is adsorption, On changing to a greater degree of coverage of the 
surface, the activation energy of the reaction must evidently increase, approaching the activation energy of 
hydrogen desorption (about 41 kca{/mole) at a degree of coverage close to unity, 


The values of the specific catalytic activity of the metals Fe, Co, Ni, Cu, and Au in Table 2 are calculated 
from published data [2] on the assumption of a first order reaction, It is obvious from the table that the activities 
of the metals of the fourth period increase with increasing atomic number and reach their maximum with nickel, 


On moving from nickel to copper, an element with a filled d-level, the catalytic activity falls sharply, 
It can be seen from Table 2 that at 300° the activity of germanium is of the order of 10~* times that of nickel, 
and is close to that of iron, On moving to lower temperatures the catalytic activity of germanium must become 
very much less than that of the transition elements, owing to the high value of the activation energy, 


The catalytic activity of copper is an order of magnitude less than that of germanium, This is clearly 
because the type of interaction of hydrogen with germanium is different from that with metals, and is not 
associated with electrons of the d=level, 
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A NEW METHOD OF INTERPRETING THE MAGNETIC SUSCEPTIBILITY 
OF DIAMAGNETIC ORGANIC COMPOUNDS 
Ia, G, Dorfman 
(Presented by Academician N, N, Semenov, November 13, 1957) 
According to quantum mechanical theory the magnetic susceptibility x of a diamagnetic molecule is 


made up from two terms, the classical Langevin diamagnetism kg and the quantum mechanical Van Vleck 
paramagnetism xp (1): 


k 
Ne2 — | (aj 2, Ip) 
n 


where N is the Avogadro number, if is the mean value of the square of the distance of the i-th electron from 
the axis of procession, (n |yz | 0) are the diagonal matrix elements of the orbital magnetic moments of the 
unexcited state, W,— Wo are the energy differences between the excited and unexcited state, 


On the other hand, according to the empirical magnetochemical scheme of Pascal [2]: 
£= Drs 


where K, are negative constants representing the individual atoms composing the molecule, and ), are 
supplementary constants (positive or negative) characterizing deviations from additivity due to the influence 
of various structural features, 


There is no obvious correspondence between Formulas (1) and (2), In other words there is no simple 
physical interpretation of Pascal's empirical constants K a and ), from the present theoretical point of view. 
We set ourselves the problem of examining the magnetochemistry of diamagnetic organic molecules on the 
basis of Equation (1), 


It is not possible to split up k into x, and k_ experimentally, so the following method was adopted, The 
Langevin diamagnetism of the molecule, hich is Jess sensitive to structural features than Kp was calculated 
from the approximate formula of Kirkwood [3]: 


fa = Vka= — 3,11-10° Ve, (3) 


2 
where ap = 3 is the so-called Bohr radius, k is the total number of electrons in the molecule and a is the 


experimentally determined polarizability, 
Analysis of the Kirkwood formula and comparison of calculated and experimental values of the suscepti- 


bility for compounds for which it is reasonable to suppose that K_ ~ 0, show definitely that the approximate 
Formula (3) well represents the Langevin diamagnetism of the molecule, 


‘ 

| 
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A comparison of «4 calculated from (3) with the experimental value of x made it possible to determine 
for a large number of aliphatic and alicyclic compounds, Consideration of these results revealed a series of 
regularities, 


In the first place, it was established that the specific carriers of the paramagnetism x.— “magnetoforms” 
— are certain groups of atoms, shown in Table 1 together with the approximate values of their individual para- 
magnetic susceptibilities Kp 


TABLE 1 


ZO ZO 8) 
Sc=cf -cz=c— Sc= 40 = aor 


+ x’ ~8 ~3 wll wil 82 158 


Secondly, it was shown that the molecules as a whole show a relatively small general molecular para- 
magnetism «" , dependent on the symmetry of the molecule, and decreasing with an increase in the branching 
of isomers, us: 


Xp = + (4) 


The summation of the paramagnetisms of the individual magnetoform groups can only be carried out in 
full measure when the groups are situated far apart from each other in the molecule (e.g. diallyl). 


Thirdly, it was shown that an additive scheme can be used for the diamagnetic components of the sus- 
ceptibility xq. Thus, it was found that individual atoms can contribute atomic diamagnetic components : 


= — 8-10, = —2-10, = — 9-10, 710, — 19-10 


etc, The presence of double and triple bonds, C = C, C = C and others, causes a small surplus diamagnetism, 


analogous to the exaltation of refraction: Lecee == — 1,6- 10°, Lic=c = — 1,8-107¢ ete. All these atomic 


and group constants have a definite physical meaning, which essentially distinguishes them from the empirical 
constants of Pascal, Thus, a new magnetochemical scheme has been developed, which conforms with Formula 
(1), The practical application of this scheme, to determine the structural formula of an organic compound, 
does not require the laborious calculation of the diamagnetic component « d by the additive method described, 
For this problem (in the case of aliphatic and alicyclic compounds) it is permissible to use Kirkwood's Formula 
(3), The susceptibility of the compound can then be calculated as follows: 


= —3,11-10°V Ra + + +x » (5) 


where a is measured experimentally, k is directly determined from the composition and Kp is obtained from 
Table 1. 


TABLE 2 


—«*10° calc, | — x — «*10° calc, by 
by our scheme* exp, new Pascal scheme 


Glycol 38,.5- 39.5 38.7;39.0 37.4 
Allyl alcohol 36,2- 36.7 36.7 34.0 
Oleic acid 210.3 208.0; 209.5 208.3 


*«" for oleic acid was extrapolated to 14 CHg groups; for the others it was 
takén from experiment for one CH, group, 


Table 2 shows as examples the values of the susceptibility of a few compounds, calculated by our scheme 
[4] found experimentally and calculated by the new Pascal scheme, Comparison shows that our scheme, as well 


ap 
a 


as being physically simple, is not inferior to the Pascal scheme in other respects, The additive scheme for 
diamagnetic components may be of use for calculating intramolecular fields; this is discussed in another paper 


[4]. 
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RADIOLYSIS OF HEPTANE AND SOME OTHER ALKANES 


L. S. Polak, Academician A, V. Topchiev, and N, la, Cherniak 


The present communication is the first of a planned series of papers, dealing with investigation of the 
basic principles and the mechanism of the radiolysis of individual paraffin hydrocarbons, in the liquid and 
solid states, under irradiation with y-rays, 


Co™ sources with nominal strengths of 1400 and 20,000 curies were used as sources of y-tadiation, The 
main work was carried out with n-heptane, but other individual hydrocarbons were also investigated, The 
purified hydrocarbons were quite transparent to ultraviolet light, and their specific gravities and indices of re- 
fraction (with the exception of cetane) did not differ from the values given in the literature, 


The hydrocarbons were carefully deoxygenated in ampules of molybdenum glass, which were then sealed 
and irradiated, 


When the ampules were opened, after exposure to the requisite dose of radiation, the quantity of gas in 
the products was determined, The gas was then analyzed for its content of Hz, CH, and other gaseous hydro- 
carbons by chromatographic separation on charcoal and silica gel, The accuracy of the determination of the 
total yield of gas was + 5%, The specific gravity, the index of refraction, the molecular weight (cryoscopic 
method) and the iodine number (method of Margoshes) were determined for the liquid products, Ultraviolet 

and infrared spectra were also recorded, and the products were distilled and sulfonated, 


Change of temperature within the range — 30 to + 200° did not affect the yield or character of the 
gaseous products of radiolysis, Special experiments showed that formation of gas ceased at the moment that 
irradiation was stopped, but continued as before when irradiation was restarted, 


20 


15 
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2 300 400 500: 10° 


Fig. 1, 1) Yield of gas in cc (N,T.P.) from 1 cc of original n- 
heptane; 2) change in molecular weight of the liquid; 3) change 

in specific gravity of the liquid (ad? +10°); 4) change in refractive 
index of the liquid (an? 103); 5) iodine number of the liquid, 
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The curves of Fig, 1 show the changes in the characteristics of the liquid products, and the total quantity 
of gas formed, as functions of the y-ray dosage applied to the samples, For doses in the range 0 to 500° 10° 
roentgens, the quantity of gas formed and the increases in the molecular weight, specific gravity and index of 
refraction of the liquid phase showed a linear variation with exposure, The iodine number of the liquid phase 
showed a linear variation up to a dose of approximately 150° 10° roentgens, but subsequently varied little over 
a wide range of dosage, 


We considered the question of the effect of the number of CHg groups, and the relative content of CHg 
groups, on the results of radiolysis (Table 1), The quantity of methane increased, depending on the relative 
quantity of CHy groups in the molecule, from 0 for cyclohexane to 37% for isooctane, The relative rise in 
density and index of refraction of irradiated normal alkanes increased linearly from Cg to Cy; but the Cyg 
hydrocarbon did not conform to this linear increase and there was a marked fall in the effect.* All the results 
for isooctane were lower than for n-octane, 


TABLE 1 


Composition of gas| 4, An 
(methane hydrogen| % | in% 
fraction) % init “init 

at constant dose 


Hydrocarbon 
Hy CH, 


250-10° 
roentg 


Cyclohexane 100 

n-Cetane 98 ,5 
n- Dodecane — 
n- Octane 97,95 
n- Heptane 97,0 
n- Hexane 96,8 
Isooctane 63,0 


— 


USS 
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The irradiated heptane was subjected to vacuum distillation at approximately 0,5 mm Hg, when the first 
fraction came off while cooling with ice, and distillation was continued at room temperature to leave a constant 
weight of a heavy residual fraction, The fractions were condensed in a trap cooled by liquid air. In all cases 
the light fractions had a molecular weight approximately 100, and an iodine number varying with dosage from 
2 to 3, Distilling with heptane were the light products of radiolysis, heptene, heptadiene and their analogs, 


me From the curves of Fig, 2 it is obvious that, with 

15, 14530 increasing dosage, the weight percent of heavy residue 
and its index of refraction increased proportionally to the 
dose, The molecular weight of the heavy residue varied 
within the limits 175 to 218 over eight determinations, 
with an average of approximately 200, The specific 
gravity of this residue was 0,76 tc 0,800. 


At the beginning of radiolysis at relatively small 

doses, the formation of polymers could be practically dis- 
Cty regarded, and the elementary composition of the heavy 

100 200 300 ‘00 0*r residue coincided with that of tetradecane, The percentage 
of carbon increased linearly with dosage, and at approxi- 
mately 400- 10° roentgens the composition corresponded 
to that of a saturated homolog of the alkane series with an 
increasing content of unsaturateds and their polymers, The 
heavy residue was sulfonated, For a dosage of 309+ 10° 
roentgens it showed 19% of unsaturateds and 81% of saturateds, 


Lo 


Fig. 2, Changes in the heavy residue as functions 
of the dosage: 1) weight %, 2) index of re- 
fraction ny and 3) elementary composition 


C, 


* It is interesting to note that, as shown in [1], the yield of hydrogen from fatty acids (arachidic, behenic, mellissic) 
increased linearly with the number of C atoms in the molecule up to Cg and then decreased, 


: Ratio | 
1,5 
2,5 
3,2 
37,0 
5} 44490 
168 


In addition to the above results, it is necessary to consider also the following experimental facts: 1) the 
liquid products of irradiation contain trans-heptene, as was shown by the infrared spectrum [2]; 2) they also 
contain dienes and polyenes, as was shown by the infrared absorption spectrum [2]. 


It was shown in [3], with the aid of liquid chromatography, that considerable quantities of saturated and 
unsaturated dimers are produced by radiolysis (the dosage was of the same order as that used by us), 


On the basis of the experimental results, and of well known ideas of the character of a reaction [4-9] 
occurring under the influence of ionizing radiations, the following may be considered as possible primary reactions 
in the radiolysis of heptane: 


Citta 


‘HE + City — Cutty, H+ H, 


Coty + CH; 4°CH; + CH, + 
+e oft 3 j ‘ 


+ RH —=Cott,, +R 


Judging by the amount of methane in the gas, Reaction 4 is considerably less probable than reactions 
leading to the formation of hydrogen, 


Our use of the paramagnetic resonance spectrum to demonstrate the presence of the hepty] radical and 


of atomic hydrogen in irradiated frozen heptane shows that Reaction 5, if it occurs at all, at any rate does not 
play an important role, 


Further development of the process takes place as follows, Interaction of the radical CyHy with a mole- 
cule of the original hydrocarbon does not lead to the formation of any new radical or molecular product, so 
that the most probable further transformation is the recombination of two CyHyg radicals to form tetradecane 
(1"), Recombination of the radical CyHy with the radical CgHy3, formed by Reaction 4, is less probable, since 
the quantity of CgHys is small in comparison with that of C7Hys. For the same reason there is little probability 
of the formation of dodecane by the recombination of CgHys radicals [the CgHys radical can sooner give a hexane 
molecule by interaction with a molecule of the original hydrocarbon (4')], Among the secondary reactions there 
is the polymerization of the dienes produced by Reaction 3, 


Thus, for any possible variant of the reaction leading to the formation of hydrogen molecules in the gas 
phase, the sum of the unsaturateds and saturateds (dimers of heptane) in the liquid phase must be equal to the 
number of molecules of hydrogen, maintaining a balance for small doses (while the polymerization of unsaturateds 
can be ignored), We found that for a hydrogen yield of 4.5 + 10%, the yields of unsaturateds and saturateds were 
respectively, 1.5 and 2,5 moles per 100 equivalents, 


Thus, the sum of the saturateds and unsaturateds was approximately 11% less than the hydrogen, which is 
within the limits of accuracy of the determinations, 


Fig, 3, Paramagnetic resonance spectra: a) heptyl radicals, 
b) heptyl radicals and atomic hydrogen. 
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In order to establish the existence of free radical mechanisms in the complex radiolysis reaction, it was 
necessary to obtain direct evidence of the formation of free radicals by radiolysis, This evidence was obtained 
by stabilizing the radicals at low temperature, Heptane was irradiated in the frozen state at 77° K (in liquid 
nitrogen), The paramagnetic resonance spectrum was then recorded while the material was kept at this tem- 
perature, We express our deep gratitude to Profresor V, V. Voevodskii, with whose apparatus the spectra were 
recorded in the Institute of Chemical Physics of the Academy of Sciences of the USSR, Spectra were obtained 
with a characteristic fine structure, They showed the presence, in the irradiated frozen heptane, of free alkyl 
radicals and also of smaller quantities of free hydrogen atoms (Fig. 3), When the irradiated frozen heptane 
was melted, the radicals recombined, as was clearly shown by the gradual disappearance of their paramagnetic 
resonance spectra, 


Thus, together with the evidence for free radical mechanisms in some of the reactions in the radiolysis 
of alkanes, it was shown that alkyl radicals can accumulate in irradiated hydrocarbons in the frozen state at 
717 K, and that even hydrogen atoms can partially persist at this temperature for a very long time, facts which 
open up new possibilities in hydrocarbon chemistry, 


We express our thanks to the workers in the Radiation Source Group of the L, Ia, Karpov Physicochemical 
Institute and particularly to L, Kh, Breger and V, B, Osipov for their assistance in this work, 
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CHANGES IN MICROHETEROGENEITIES OF ALLOYS UNDER 
THE INFLUENCE OF HEATING 


Z. A, Sviderskaia, M, E, Drits, and E, S, Kadaner 


(Presented by Academician I, P, Bardin, August 7, 1957) 


It is usually accepted that the maintenance of an alloy for a long enough time at high temperature 
produces a more uniform distribution of components, i.e,, a disappearance of the microheterogeneities 
formed in the process of crystallization, According to this view, thanks to the increased diffusion of mobile 
elements on heating, there is an evening out of concentration in the microspaces of the solid solution, and 
also a solution and coagulation of phases which removes the primary heterogeneities of the cast structure, But 
the application of autoradiographic methods to the study of the structure of alloys has shown clearly that a 
high degree of uniformity cannot be obtained for all alloys, nor with all conditions of annealing, 


We showed in a previous paper [1] that homogenizing annealing of some nickel base alloys lead to an 
increase in the nonequilibrium distribution of certain elements, i.e., in essence, to an increased hetrogeneity 
in the structure of these alloys, Similar results were found in an investigation of the kinetics of the redistribution 
of components during the annealing of some light alloys based on aluminum and magnesium, Using quantitative 
estimates of the degree of micro-nonuniformity, based on the statistical treatment of photometric autograph 
data, and applying the coefficients of micro-nonuniformity, K and C *, introduced by us, we showed graphically 
how the micro-nonuniformity of alloys depended on different annealing conditions [2], 


The curves of Fig. 1 show the changes in the coefficients of micro- nonuniformity of the binary alloys 
Al-Fe and Al~Ca with increasing time of annealing, at a temperature 50° below the solidus line, 


The curves are of the same shape for both alloys, but in the case of the Al~Ca system the change in the 
slope of the curves occurs after a shorter period of annealing, It is clear from the curves that the use of a re- 
latively short soaking time in annealing produces a fall in the coefficients of micro-nonuniformity, i,e,, to an 
evening out of the structure of the alloys, But, with an increase in the heating period, there is either a definite 
rise in the degree of micro-nonuniformity or a noticeable tendency in that direction, 


It should be noted that in both the above alloys we are concerned with binary systems showing almost 
complete absence of solubility in the solid state, i.e., for the given range of alloying, there is a considerable 
quantity of a second phase in the structure of these alloys, In conformity with this, the processes of evening 
out the structure consist, in principle, of changes in the distribution and form of particles of secondary segrega- 
tions, Comparison of the curves obtained with micro- autoradiograms, and also with the normal microstructures 
of alloys annealed for different times, shows a correspondence between the observed changes in the structure of 
the alloys and the coefficients of micro-nonuniformity, As we have noted previously [3], in the autoradiographic 


a = (where 100 is the total number of microspaces in which the content of an 


* The coefficient K = 


element was determined, and n is the value of the maximum on the distribution curve) allows for the total 
number of departures of the concentration of the element from its mean content in the alloy, for the part of 


Cc 
the structure investigated, The coefficient C = —™®* defines the possible variations of concentration in 
min 
different microspaces of the alloy. 


= 


investigation of alloys of aluminum and iron, the heterogeneity of cast structures of similar alloys is always 

high and firmly persists under the influence of temperature, With an increase in the period of annealing there 
is, at first, some erosion of the dendrites at the expense of the redistribution of iron and calcium in the structure, 
This explains the decrease in the degree of micro-nonuniformity of the alloys (Fig, 1), Later, a longer period 


100 bars 400 600°C 
t - 
Fig. 1. Effect of time of annealing on the micro- Fig. 2, Effect of temperature of annealing on 
nonuniformity of alloys: a) alloy of Al with the micro-nonuniformity of alloys: a) alloy 
0.19% Fe, b) alloy of Al with 0.4% Ca, of Mg—-Mn-Al-Ca (0,2% Ca), b) alloy of 
Mg with 0.17% Ca, 


of annealing produces an enlargement of the dendrites and individual agglomerates of alloying components at 
the expense of coagulation, which also leads in general to the formation of a coarser structural nonuniformity. 
The change in the character of the distribution of the alloying elements with increased annealing time is 
illustrated by the example of alloys of aluminum with calcium (Fig, 3), The dark parts of the micro- autoradio- 
grams shown correspond to positions where radioactive calcium (Ca *) is concentrated, 


An increase in the micro- nonuniformity of the structure of alloys under the action of heating was also 
found with alloys of magnesium and calcium, which, within the concentration range investigated (up to 0.2% 
Ca), proved to be essentially solid solutions, The existence of a second phase was shown only at 
high magnification and in very limited amounts, 


The curves of Fig, 2 show the changes in the coefficients of micro-nonuniformity with increasing tem- 
perature of annealing (24 hours) for the alloys Mg—Ca and Mg— Mn- Al—Ca, 


In both cases heating the alloy to 500° produced a marked fall in the micro-nonuniformity of the dis- 
tribution of calcium, which shows the high intensity of the processes of redistribution occurring at this tem- 
perature, It is evident from the micro-radiogram (Fig. 4, b) that, in the case of the binary alloy of magnesium 
and calcium, complete leveling out of the composition of the alloy took place with respect to calcium, i.e., 
intra-dendritic segregation did not occur at all, When the annealing temperature was raised to 600° there was 
a considerable increase in the values of the coefficient C for both the alloys (Fig. 2), while the values of the 
coefficient K remained practically constant, Clearly, in this case also, some heterogenization of structure took 
place, At such high annealing temperatures coagulation processes occur very intensively, and fairly coarse 
aggregates of calcium form in the alloy structure, causing peaks to appear on the photometric blackening 
curves, This depends particularly on the size of the coefficient C, which determines the scale of possible 
variations in concentration in the part of the structure investigated, and less on the value of the coefficient K, 
which characterizes the total number of deviations from the mean composition of the alloy, The formation of 
concentrated aggregates in the structure of the Mg~Ca alloy at a high annealing temperature is well shown in 
the micro-radiogram (Fig. 4, c). 


Thus, by controlling the annealing conditions, it is clearly possible to produce a “secondary heterogeniza- 
tion" of the alloy structure, i,e,, an increase in its micro-nonuniformity, The development of a similar hetero- 
genization will depend on the nature and interaction of the alloy components, and also on the original micro- 
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Fig. 3, Micro-radiograms of the alloy Al— 0.4% Ca; x 25, a) Cast; b) annealed 
at 570° for 24 hours; c) annealed at 570° for 50 hours, 


Fig. 4. Micro-radiograms of the alloy Mg— 0.17% Ca; x 25, Annealed for 24 
hours: a) at 400°, b) at 500°, c) at 600°. 


nonuniformity of the alloy and on the relative rates of the processes of solution and coagulation for the given 
temperature-time conditions of heating, With alloys of the solid solution type heterogenization of structure 
on annealing depends on the formation of definite particles with increased concentration of alloying element, 
but, with alloys containing a considerable amount of a second phase, micro-nonuniformity of structure may 
increase at the expense of changes in the dimensions and shapes of the structural components, In either case, 
an increase in the degree of heterogeneity of structure under definite conditions of heating cannot be predicted 
from the properties of an alloy, and requires further more fundamental investigation, 
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THE CLASSICAL THEORY OF STRONG ELECTROLYTES 


V.V. Tolmachevy and S, V. Tiablikov 


(Submitted by Academician N, N, Bogoliubov, August 19, 1957) 


The basic problem of the theory of strong electrolytes is the calculation of the correction AF to the free 
energy, arising from the mutual interaction of the ions, The essential step in this field was made by Debye, 
who treated correctly the electrostatic interaction of ions, and obtained for AF the expression: 


(1) 


where N is the number of ions, 9g = kT, v is the volume for one ion, and rg is the Debye radius given by: 


N 
= Dou (4x = (2) 
ia) 


where N, and e, are the number of ions of type a and the charge on each, and D is the dielectric constant 
of the solvent, 


Debye and Hiickel [1] applied a correction to (1) forthe ultimate radius of the ion rt: 


3 
AP — 2 + ,..). (3) 
d 


By comparison of (3) with experimental data, values of ty were obtained which agreed well with other 
estimates of tp for large values of the ionic radius, In the case of small ions agreement was lacking, 


Bjerrum [2] introduced another correction into (1) which, for small concentrations of pairs of ions of 
opposite sign occurring close to each other, has the form: 


(4) 
AF NOx (i— 


where ne is the number of pairs of ions of opposite sign occurring at a separation from each other of less 


2 
thanq=——; 


q 
e"|DOr 4_ 
== e (5) 


The basis of this correction is that, according to Bjerrum, the Debye theory can only apply to ions which 
are sufficiently far apart from each other, Pairs of ions of opposite sign should be considered more as neutral 

molecules rather than as they are treated in the Debye theory, It should be noted that in Bjerrum's expression 
for AF there is a correction term of the Debye-Hiickel type, which has been omitted in (4), 


AF NO v 
= 

115 

By 


Inthis paper we investigate the question of the statistical bases of the Debye- Hucke! and Bjerrum ex- 
pressions, using the correlation functions methods of N, N, Bogoliubov (3]*. 


The series of equations for the correlation functions has the form [3]: 


OF 


W,,...a5 


7 8 + 
(141 95441) 
1 a,a +1 s+1 
+ \ > }-1 : a a dqs4 i= 0 (6) 
(1<4 5.4 


UVa,...a, = > Pa,a;( | qi\ ) (7) 
(1<i<]<s) 


Then, as in [3] it is assumed that = 0, and > = 1. Following the basic 
(1<a<M) «i<a<M) 


methods of [4], (6) is solved in the form 


= Ca,...a, exp {— ’ 


= > Da ( qi\ ). (9) 
(i<i<j<s) 


We introduce the new correlation functions Bay...ag instead of Ca, .,, as: 


Ca, Za, 
= Jaa, + 
Ca,a,a, = + + aaa, + + Vaasa, 


1 


and make the substitutions + ® = vd; : ® = vip. Then, expressing ga, .,,a, in the form of a series 


in powers of v, 


8a,...a, = +... 


we obtain the following equation for gy: 


(191) + + 
(Pac (19 4'1) (191) = Foe dg’ = 0 


(i<c<M™) 


(for a uniform spatial distribution of field Ba, = 1). 


By putting g°}, equal to zero, Equation (12) can be used to find Yap (||) fora known Pap (|a]). 
In the case when a single radius rp is ascribed to the ions, we obtain for the binary correlation function: 


Fao(|q|)= 
lal<ro 


* See also(7, 8] for the question of the statistical basis of the Debye theory, 


A 
(10) 
| aw 
4 
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(correct to terms of the first order for the plazmen® parameter inclusively), An expression for Fah of such a 
form was naturally to be expected, 


For the part of the free energy AF arising from the interaction of ions we use the general formula [5) 


1 


\ Day Far |; (14) 


(is Vo 


Substituting (13) in (14), we have: 
@ 

AF = N > \( 

r 


1 


In the case when the ionic radius is large enough, i.e., 


eq 
r 
o> (16) 


the exponent in the unintegrated Expression (15), there are at least small concentrations of pairs of ions of 
opposite sign close to each other, the Bjerrum correction, For simplicity we will consider the special case of 
an electrolyte composed of two sorts of ion with the same absolute value of charge, In this case Formula (15) 
attains the simpler form: 


(17) 


where, for convenience of consideration, the integral with respect tor is divided into two parts, from rp to q 
and from q to o, 


Replacement of the exponent in the first term of (17) by unity shows that it will be less than Ng multiplied 
by the square of the plazmen parameter ~ With the second factor, we split up the exponential factor which 


occurs in the exponent of the unintegrated equation, then 


rdrdt = \\ exp rdrdt — 


ro0 


\ \exp *lerdrdt +- . 
70 


In the case of electrolytes the value of cannot be reckoned as small in comparison with unity, 


e 
DO Io 
so that the main contribution to the integral with respect tor is given by the region where r ~ 1m, Hence, for 
the integrations with respect to 7, all that is required is an asymptotic approach to them for r ~ fo, and this is 


easily carried out seeing that 


* Transliteration of Russian— Publisher's note, 


\ ‘d | rdrde — 
re 0 
ro 0 
| 
+N \(exp{—* par ‘d | —1)rdrds — 
ol r 
«pare | —1) rdrde, = 
qo 
te 


> S» 1). 
. t 


a 
a 


1 
r,0 
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where « is defined by Formula (5), 


The third and fourth terms of (17) are easily evaluated by splitting up the exponent in the unintegrated 
equation, which gives 


Omitting terms involving the square of the plazmen parameter, we finally obtain: 


1 


1 1 v v 


which for small values of q is the same as Expression (4) derived from Bjerrum's theory, 


A more detailed comparison of Expression (17) with the corresponding expression from Bjerrum's theory 
can only be made after a numerical evaluation of the integrals, 


Doubts are repeatedly expressed about the basis of Bjerrum's theory (see, for example the discussion of 
this problem in[6]), It appears to us that our results clarify, to a satisfactory degree, the basic points of 
Bjerrum's theory, 


In conclusion the authors take this opportunity of thanking Academician N, N, Bogoliubov for his interest 
in the work, 
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THE STOICHIOMETRIC NUMBER OF THE REACTION OF ELECTROCHEMICAL 
DESORPTION OF HYDROGEN 


Academician A, N, Frumkin 


There have recently been repeated discussions in the literature [1-7] on the question of the applicability 
of the criterion, first proposed in another form by Horiuti and Ikushima [8] for explaining the mechanism and 
the nature of the slow stage of the reaction of conversion of hydrogen ions into molecular hydrogen 2H* + 2e7 
== Hz, The authors quoted proceded from the relation 


ili=f (n) = e™, 
where i and i are respectively the rates of transfer of hydrogen from solution to the gas phase and the reverse 
process, for 1 cm? of surface (in electrical units); 7 is the cathodic overvoltage divided by RT/F; and isa 
number characterizing the process, 


Nowadays, it is customary to use as criterion the stoichiometric number v, equal to 2/., This number 
expresses how many times the slowest stage must be repeated for a single occurrence of the total process, It 
follows from (1) that 


= 2 io = 2/f"(0), (2) 


where i is the total current of the reaction of cathodic liberation of Hg and ig is the exchange current when 
n =0, The values of v used, obtained with the aid of Equation (2), in a number of cases lead to doubtful re- 

sults, particularly on the assumption that the liberation of hydrogen takes place by an electrochemical desorption 
mechanism, In this case [9] 


= 01 — Up + — = 2 (0, — 0g) = 2 (0p — (3) 
where vy and vg, respectively, are the rates of the forward and reverse reaction of the discharge stage — ionized 
H* + e° == Haqg, and vs and vg are the rates of the forward and corresponding reverse reaction of the stage of 
electrochemical desorption— adsorbed Hags + H* + => Hg. 


If it is assumed that the surface of the electrode is uniform, and that the transfer of Haqg on it is not 
associated with an appreciable activation energy, the values of v can be expressed by the equations (repulsive 
forces between adsorbed particles and the so-called y, effects are not taken into account): 


= ky (1 — 0) = (1 — 9); 


0 (4a) 
Us = == (4c) 
Uy = ky (I _ 0) kie (1 0), (4d) 


where o4+ By = 2+ B2=1; 9 is the degree of coverage of the surface by atomic hydrogen; k} kg, and 
kf are constants for a solution of defined composition, and are connected by the relation 


ROR = (5) 
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Since the differences between ay and a, must be small, in order to simplify the calculations, we will 
from now on put oy =ag=a and 6y=82=8. According to Bockris and others [4, 7], v =1 for electrochemical 
desorption, According to Lukovtsev [1], v lies between 1 and 2,* Vetter [5], considering only the case when 
@ is small, concludes that the value v =1 only follows from the electrochemical kinetic equation if the current, 
iy of the reversible stage discharge-ionization is small in comparison with the current, iggy, of the reversible 
stage desorption- adsorption, Because of these divergent views it seemed desirable to submit the question to 
further examination, Reference will first be made to some previously established relations [9]. 


From the condition of the constancy of @ with time it follows, according to (4) that: 


(ki / (Ritke+hs + ky). 


dor = ROR / +- = (RO + (7) 


i 
The ratio re . ~g may be denoted by y. An expression can now be determined for f(n), As has been 
3 0 


shown in[1, 3): 
i = U4U3 (Up + Us)! + Us; i= (Ug + Ug)? + (8) 
(9) = i / i = + + 02) / (9) 


If the values of vy from (4a) to (4d) are inserted in (9), and 9 is expressed in terms of the values of k® in 
accordance with (6) and (4), then, making use of (5), after a simple rearrangemente* it can be shown that: 


= (2ye"-+ + 1), (0) = 4y/ (1 + (10) 
From (10) and (2) it follows that: 


+ 1/2y = 1+ igs/2ion. (11) 


Thus, v only equals 1 when igy << ioqy; if igy >> iggy, v can be as large as required, This result must not be 
be considered surprising. Indeed, it follows from (8) that: 


== dot dgtt/(ior + ort) + = forts (1 + 2y)/(1 + y) = for + (1+ y) (a2) 
If y > 1, then ip = iggy; but if y« 1,themig = iggy = y “ty, 


From (2), making use of (10) and (12), we find that: 


= (1 + y)/4yior = (1 + = + 1 (13) 


In accordance with (12) and (13), the existence of a considerable exchange current for the second stage, 
igi], With a small ig], ensures a high value of the total exchange current, but with little polarization of the 
electrode, Equation (13) was obtained previously [5] for the case of small coverage 9, 


The calculation given here of the value of v does not, however, give a true representation of the values 
of the magnitude of v presented in the literature, The fact is that, although in principle a direct experimental 
determination of the value of ig is possible *** with the aid of hydrogen isotopes, yet, in practice, in the deter- 
mination of pv, it is customary to make use of not the true, but the “extrapolated” value of the exchange 
current, The procedure is to look for a straight section of the n — log i curve, and then, assuming that the value 


* As opposed to the other references quoted, in[1, 3], electrochemical desorption is considered with a nonuniform 
surface, characterized by a logarithmic adsorption isotherm, 


** A relation equivalent to (10) was first given in [3], 


*** However, the latter ..nnot be very precise, since the use of the data obtained requires a knowledge of the 
isotope factor, which is determined from the values of the partition coefficients at considerable cathodic over- 
voltages, i,e,, under conditions very different from those of the determination of ig. 
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of ican be neglected in comparison with that of T’ for values of n within this section, to find ip by extrapolating 
the n — log i curve ton =0, The possibility of a difference between the "true" and "extrapolated" exchange 
currents was first discussed in [2, 3], An experimental comparison of these values has, apparently, only been 
made once, and not with very great accuracy [10], 


We will now consider what the magnitude of v_ will be, using the extrapolated value of the exchange 
current (ig)e. The designation v' is used to distinguish it from the values considered previously, then: 


= 2 (io)e- (14) 


The magnitude of (i)e depends essentially on at what speeds v can be neglected, over the range of values 
of n for which there is a linear relation between n and log i, Suppose first that y > 1 (retarded desorption), 
Then, according to (4), kt « kj, and according to (4a) and (4d), ky « ky. When 1 is not too large (n « logy), 
from the condition that y » 1, i.e, that kg «K kK, it follows also that ky « kp, For the same range of values of 
of n Equation (6) can be transformed into: 


=> Ry + ky) = kien / + (15) 
hence, according to (3), (4c), (4d), and (5), 


i = 2 (U3 — U4) = — + 


When n> 1, it follows from (16) that 


= + (inde = = iy an 
From (17) and (13), when y > 1, it follows that 


= 2(04/0i)n-o = 1. (18) 


If it is supposed that y « 1 (retarded discharge), then by the same reasoning as above, it is found that, 
when 7p isnot too large (n « log y), ky can be neglected in comparison with kg and ky in comparison with ky, 
and, consequently, in accordance with (6), (5), (3), (4a), (4), (7), and (12): 


0 = + Ra) = / (K+ her), (a9) 
i = — V2) = — e— 6") / (kt T (inde = = 2yiy. (20) 


It follows from (20) that, in contrast to the case considered earlier, when y « 1, the extrapolated ex- 
change current is not equal to the true current, From (20), (14), and (13), it follows that, when y « 1, v'= 


Thus, if the speeds of the first and second stages differ by an order of magnitude, and if a part of the n — 
log i curve is used for extrapolation for which the condition n « [logy | is fulfilled, the value vy" found for 
the extrapolated exchange current is equal to 1, The same value of y' is obtained if the anodic instead of the 
cathodic branch of the n — logi curve is used for extrapolation, It should be noted that, in order that the ex- 
pressions on the right hand sides of Equation (16) and (20) for n > 1 should correspond to the linear relation 
between n and log i, which is normally used as a basis for extrapolation, it is necessary that the first term in 
the denominator should be considerably less or considerably greater than the second, But this condition breaks 
down if a nonuniform surface is considered with a logarithmic adsorption isotherm, 


Suppose now that y is nearly equal to 1, i,e., that ke and kg are of the same order of magnitude,* Accord- 
ing to (5) ki and kf must also be of the same order of magnitude, In this case, according to (4), when n > 1, 
kg &K ky and ky « kz, so that: 


= + eg) = + ; (21) 
= Vy + Uy = + = (A? 2). (22) 


* This assumption should not be regarded as artificial, Actually, it follows, from some approximate calculations 
published elsewhere [11], that the activation energies of the processes of ionization and electrochemical desorption 
of Hags at equilibrium potential must be nearly equal, if a =0.5, 


(16) 
1, 
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From (22), (14), (13), and (7): 


In the special case k} = Kg, i.e., y 71, #2, 


If the anodic branch of the n — log i curve is used for extrapolation, the expression for y' differs from 
(23) in that kf +k§ is replaced by + kj. 


If n is large enough, namely ifn » | log y | , the values of kg and ky in (6) may always drop, which 
leads in the general case to Equations (22) and (23), as was shown previously in[12], The possibility of ob- 
taining two different values of (ip), (and consequently two values of v'), by extrapolating different parts of the 
cathodic branch of the n — logi curve, was shown previously in (5). 


Note added in proof, After this paper had been sent to the printer, an article appeared by Makrides [13], 
who also, but from a different viewpoint, discusses the question of the value of the stoichiometric number in the 
case of electrochemical desorption, His conclusions on the dependence of this number on y agree with our own 
with respect to the value of y', He does not point out the difference between vy‘ and pv, so that, on the basis 
of the above treatment, it may-be presumed that his conclusions as to the value of y may not always be correct, 
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THE ATMOSPHERIC CORROSION OF IRRADIATED METALS 


A. V. Bialobzheskii 


(Presented by Academician A, N, Frumkin, October 16, 1957) 


Up to the present time, no works have been published on the study of the influence of radiation on the 
atmospheric corrosion of metals, Allen [1] points out that corrosion in gases under the influence of ionizing 
radiations has not been made the subject of study, and points to the well-known fact that no corrosion is ob- 
served in the exit windows of cathode ray tubes and cyclotrons, in spite of the powerful radiation passing through 
them, It might seem that this fact provides evidence that radiation shows no noticeable influence on the 
corrosion of metals in atmospheric conditions, Our studies have shown, however, that in a number of cases 
ionizing radiation considerably accelerates the processes of atmospheric corrosion, 


The experiments were carried out in a closed glass vessel at a relative humidity of 98%, A cathode ray 
tube, a BFV-70 x-ray tube and a specimen of Co®™ were used as radiation sources, 


TABLE 1 


The Influence of Radiation on the Corrosion of Various Metals in an 
Atmosphere of Air at a Relative Humidity of 98% (Duration of 
Irradiation 16 Hours, Temperature, 25°) 


Radiation source 


Metal being 
irradiated 


External appearance of metal after 
irradiation 


Increase in wt, 
in g/specimen 


Cathode ray tube 
800 kv, 4.1 
Hamp 


Ditto 


Ditto 


Ditto 


Cathode ray tube 
4,1 
400 kv 


Iron 
Copper 
Aluminum 
IX18N9T 


Steel 


Zinc 


Covered with compact reddish- 
brown corrosion products 


Olive~colored rim around the 
edge, brick-red corrosion pro- 
ducts in the center 


Isolated white patches of corrosion 


Brilliant, with no visible signs of 
corrosion 


Covered with white corrosion 
products 


0.0247 


0.0120 


0.0053 


Notes; 1, For all the metals tested, control corrosion experiments were carried out in parallel 
under the same conditions, but without the radiation, In all cases the metals retained their 


initial appearance and showed no change in weight, 


for the iron specimen and was.found to be equal to 1 mm/year, 


2. The rate of corrosion was calculated 
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It was established (see Table 1) that the corrosion of iron, copper and zinc is sharply accelerated, while 
that of aluminum is accelerated to a much lesser extent, by the action of ionizing radiation in a moist atmos- 
phere (the metals are listed in decreasing order of effect of radiation action), In our experiments, radiation 
showed absolutely no intensifying action on the corrosion of stainless steel, Under atmospheric conditions, 
therefore, the least effect of the action of radiation is shown by those metals which are able to form stable 
oxide films on their surface. 


Figure 1 shows photographs of iron specimens after irradiation, A photograph of a specimen which has 
not been irradiated is given for comparison, 


It was also established that in a dry atmosphere (dried with phosphorus pentoxide) no corrosion takes 
place under any irradiation conditions, This provides evidence that with irradiation in atmospheric conditions, 
corrosion takes place under a film of moisture which is formed: on the metal surface as a result of condensation 
or adsorption of water vapor upon it, and is consequently of an electrochemical character, as in the case of 
ordinary atmospheric corrosion, The data in Table 2 show that increase in the intensity of the irradiation in- 
creases the rate of corrosion of iron, 


TABLE 2 


The Influence of Radiation Intensity On The Corrosion of Armco Iron In An Atmosphere 
of 98% Relative Humidity (Duration of Irradiation 10 hours, Temperature 25°) 


Cont Position of Energy absorbed | Increase in 
Radiation source amp specimen in in ev/cc* sec wt, of speci- 
apparatus men, g/specimen 
Cathode ray tube 4,1 above 1.9+10!° 0 
below 6.8-10" 0.0133 
1.0 above 4,7-10% 0.0060 
below 1.7+10"7 0.0061 
0.4 above 1.9+10" 0.0043 
below 6.8+ 10" 0.0021 
X-ray tube BFV-70, 200 above 2.7+108 0.0050 
50 kv below 5.310! 0.0018 
50 above 6.8 0.0006 
below 10% 0 


The fact, unexpected at first sight, that the upper specimen irradiated with an electron stream of 4,1 yamp 
and absorbing the maximum amount of energy shows absolutely no corrosion, is , as our experiments have shown, 
the result of the influence of a secondary factor— the heating of the specimen as a result of the absorption of a 
large amount of energy, which leads to the removal from the metal surface of the moisture film necessary for 
the atmospheric corrosion process to take place, as has been shown above, When the upper specimen was cooled 
with water or air, an immediate increase in the corrosion of its irradiated surface was observed, The intensifying 
action of the radiation can be seen very clearly from the experiments illustrated in Figs, 2 and 3,— in both cases 
the metal which has been protected from direct radiation is not corroded at all, 


The intensification of the corrosion process under irradiation may be the result of a change in the state 
of the corrosion medium or of a change in the state of the metal surface layer, In order to resolve this question, 
we carried out the following experiment: two specimens were placed in position with a 5-millimeter thick lead 
plate between them, The upper specimen of the pair absorbed 2,8+ 10% ev/sec, In the lower, the value of the 
absorbed energy equalled zero (neglecting the extremely small effect of the scattered radiation), In spite of 
this difference, both specimens were corroded to the same extent, This shows that the products of radiation 


changes in the atmosphere, and not metal surface activation, play thé chief role in intensifying corrosion under 
the influence of radiation, 


We have carried out a cycle of experiments designed to examine the parts played by the most important 
constituents of the atmosphere — oxygen and nitrogen; the results are given in Table 3, 
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Fig, 1. Photographs of iron specimens after corrosion tests in an atmosphere of 98% 


relative humidity, A) Without irradiation (10 hours); B and C) after irradiation 
with x-rays (10 hours); D) after irradiation with electron stream of 3 pamp (15 
hours); E) after irradiation with a cobalt source (70 hours), A and B) 2x ; C, 


D, and E) 30x, 


Fig, 2, Diagram of the apparatus used in experiments on the in- 
fluence of the direct action of a beam of x-rays (A) and an electron 
beam (B) on the corrosion of an iron specimen, Diagram A: 1) 
unprotected specimen, 2) protected by 5-millimeter thick lead 
plate, 3) Diagram B: 1) specimen; 2) lead half-disc, 5 mm thick, 


Fig. 3, The influence of the direct action of an 
x-ray beam (A) and a beam of electrons (B) on the 
corrosion of an iron specimen, Al) unprotected 
specimen, 2x; A2) specimen behind 5- millimeter 
thick lead plate, 2x; B) exposed part on the right, 
part protected by lead on the left, 


TABLE 3 


The Corrosion of Armco Iron After 10 Hours in Various 
Gas Mixtures at 98% Relative Humidity With Irradiation 
From A Cathode Ray Tube (2,0 pamp; 800 kv) 


Atmosphere 


Upper specimen, 

energy absorbed 

0.8.10" ev/Ccc. 
*sec 


Lower specimen, 

energy absorbed 

3+10"7 ev/cc* 
*sec 


Increase in wt, in 


/specimen 


Pure oxygen 
Nitrogen 80%, 
oxygen 20% 

Argon 80%, 
oxygen 20% 
Pure nitrogen 


0.0031 


0.0059 


0,0010 
0.0001 


0.0019 


0.0079 


0.0024 


0.0002 


The data given show that nitrogen, which is 
inert under normal conditions, becomes actively corrosive 


under the influence of radiation, The activation of nitrogen 
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takes place only in the presence of oxygen and may consequently be attributed to the formation of its oxygen 
products, the most important of which is N,O,. 


As early as 1911, V. G, Khlopin established that ozone, hydrogen peroxide and nitrous anhydride are 
formed in moist air under the influence of ultraviolet light[2), The analyses which we carried out on the 
atmosphere from the reaction vessel after irradiation showed that the greatest amount of ozone (from the 4,1 
Hamp, 800 kv electron beam) amounted to 0.4% in air and to 0.5% in pure oxygen, The quantity of oxides 
of nitrogen, calculated as NOs , amounted to approximately 0,08%, Hydrogen peroxide was not detected 
quantitatively in our experiments, It is evidently formed in insignificant amounts, All these long-lived pro- 
ducts of irradiation of the atmosphere undoubtedly have an intensifying action on the processes of corrosion, 
The action of the short-lived radiation products (OH and OHg radicals, O atoms, compounds of the type NOs, 
etc,) is even more intense, as is shown by the experiments referred to in Figs, 2 and 3, 


It is interesting that the extent of the corrosion in pure oxygen is not markedly greater than in the argon— 


oxygen mixture, This is evidently the result of the passivating action of the strongly oxidizing medium created 
in oxygen during irradiation, 


According to our ideas, the intensification of the process of atmospheric corrosion results from the fact 
that the radiation products formed intensify the corrosion current of the microcells by acting as energetic 
cathodic depolarizers, This theory of ours is at present being checked experimentally, 


In conclusion I express my gratitude to Professor N, D, Tomashov for much valuable counsel during the 
discussion of the present work, 
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MAGNETOCHEMISTRY OF ORGANIC COMPOUNDS AND "CHEMICAL" SHIFTS 
OF NUCLEAR MAGNETIC RESONANCE 


la. G. Dorfman 


(Presented by Academician N, N, Semenov, November 13, 1957) 


It is known that "chemical" shifts of nuclear magnetic resonance are caused by intramolecular magnetic 
fields, acting on the given nucleus, and depend on the chemical bond of the given atom in the molecule, Cal- 
culation of these fields is closely connected with the orientation of the magnetic moments in the molecules, in- 
duced by an external field [1], Attempts at the theoretical calculation of these moments and the chemical 
shifts produced by them [2] met with very great difficulties in most cases, similar to attempts at the theoretical 
calculation of susceptibilities, 


Recently, we were able to devise a magnetochemical scheme of organic compounds, This allowed us to 
evaluate the diamagnetic-and paramagnetic components of the magnetism of aliphatic and alicyclic compounds 
and to find the fraction of the susceptibilities arising from separate atoms and groups of atoms [3], It is natural 
to attempt to apply these results of magnetochemistry to the consideration and calculation of chemical shifts of 
nuclear magnetic resonance, 


First of all, let us consider the case when protons are present in a group of atoms, connected by only single 


bonds, for example: CH,—C g, NH,, CH,—N <, CH,— in alicyclic compounds, As the observed shifts are 


related to the shift in HO, it is necessary to consider the OH group also, It is assumed that the resonance is ob- 
served at some fixed frequency, Let us assume that for this an external field Hy is required for resonance ofa 
proton in an isolated hydrogen atom, 


As magnetochemical data show [3], the atoms C, N, and O in the groups given, display diamagnetism 


(for 1 mole): y4y¢~=8- 10°, XyyS=7-10, X~g2=—9-10°%. The paramagnetism of these atoms in the groups 


given is practically zero, 


TABLE 1 An external field, acting on these atoms, induces 

moments which are oriented antiparallel to the external 

field, At the location of the proton these induced moments 

form a field, oriented parallel to the external field, i.e., 

augmenting it, Thus, for resonance of a proton in H,0O it 

| is necessary that the field H, = Ho— koyH,, and for re- 

10°8 oa) --0,42 —0,34 sonance of a proton in any of the given groups it is necessary 

1058 exp —0,40 —0,36 that the field H,, = Hy — KgrHgr, where ko}; is a constant 
peculiar to OH and Kor is a constant associated with the 
particular group, 


in 
alicyclic 
compounds 


As is known, the shift, relative to water, may be designated by the value 


H 
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Since Hor differs from H, by an insignificant fraction of a percent, we may consider that Hy;/H, = 1 and 
Sor =— kon + Kore The constants ko, and Kor are the values of the fields produced at the location of the 
proton by its diamagnetic neighbors with an external field equal to 1, Thus 


Xao 


5) 
OH 


hy "I 


> = 


where do}; is the separation between the proton and the O nucleus in OH; N is Avogadro's number; x4, {s the 


susceptibility of one of the surrounding atoms; dajq is the separation between the nucleus A of the given atom 
and the proton investigated, Considering that doy =0.96- 10°? cm, dcop =1.09° 10°* cm, = 1.01° 107* cm 
and do. = 10°* cm, we obtain the results given in Table 1; thus, koy = 1.54° 10-5, The good agreement 
between the calculated and the experimental values of the shifts confirms the accuracy of the considerations on 
which the calculations were based, 


For groups of atoms containing double or triple bonds, for example =CHg or = CH, the paramagnetic 
component of the susceptibility is considerably increased, as ensues from magnetochemical considerations, If 
this paramagnetism was only caused directly by the carbon atoms connected to each other by double or triple 
bonds, then the effect that we noted above of diamagnetic carbon atoms on protons, would be weaker in the 
presence of double or triple bonds, In this case, the field required for resonance of protons in = CHg and in 
= CH would be greater than in — CHg. Experiment (4) shows, on the contrary, that 5=CH, ** 0.051075 to 


0.02*10°°, i.e., close to zero, and §— CH = ~ 0.25° 10°, i,e., considerably less than 5CH,- On the other hand, 


experiments carried out on the resonance of C!S nuclei [5] show that the paramagnetism of a double bond also 
reduces to the value of the field required for resonance of the carbon nuclei, Thus, the paramagnetism of 
double and triple bonds, augmenting the external field, acts in the same direction both at the carbon nucleus and 
at the protons nearest to them, This apparently indicates that this paramagnetism is produced by electrons, 
“encircling” both the C atoms and the H atoms directly connected to them, 


The considerations and calculations presented make it possible to establish a connection between nuclear 
magnetic resonance investigations and magnetostatic susceptibility (magnetochemistry), One may hope that the 
combination of these two fields of investigation will prove very useful in the study of molecular structure, 
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A NEGATIVE TEMPERATURE COEFFICIENT IN HYDROCARBON OXIDATION 


Enikolopian 


(Presented by Academician V. N, Kondrat'ev , September 14, 1957) 


A characteristic property of hydrocarbon oxidation is the presence of a so-called negative temperature 
coefficient in a certain temperature range [1-11], Figure 1 shows a curve of reaction rate against temperature, 
typical of hydrocarbon oxidation, Tie temperature range between the two ex- 
tremes is called the region of “negative temperature coefficient." The maximum 
usually lies in the range 350-400° and the minimum 450-500°, Depending on the 
nature of the hydrocarbons, the pressure, the mixture composition, the state of 

the surface and other factors, the temperature limits of the region may vary. 


Wmax 


The existence of a region of a negative temperature coefficient strongly 
affects the kinetics of slow oxidation, the position of the limits and the character 
Fig. 1. of hydrocarbon self-ignition, However, until recently this phenomenon was not 
explained rationally, A detailed examination showed that the existing theories 
[6, 12-14) do not, in fact, explain the phenomenon of a negative temperature coefficient, 


On the basis of N, N, Semenov's theory [15] on degenerate branching, in this work we considered the 
phenomenon of a negative temperature coefficient as a result of competing elementary processes that participate 
in a complex chain reaction, 


It is accepted that at low temperatures hydrocarbons are oxidized through peroxide radicals, formed by the 
reaction 


R +O. ROO. (1) 


This process is characterized by a low steric factor (107° to 10°“) and a low activation energy (2-4 kcal/mole), 
The elementary process of degenerate branching, according to B, Lewis and G, Elbe [13] and V, V. Voevodskii 
and V, I, Vedeneev [16], may be considered as the result of a peroxide radical interacting with a stable inter- 
mediate product, for example, with an aldehyde 


ROO + R’CHO— RO + OI! + (2) 


As a result of this reaction, three new active centers are formed from one radical, The endothermal heat 
of this process is about 10 kilocalories per mole [16], 


Besides Reaction (2) which results in branching, the peroxide radical ROO may also enter the propagation 
Reaction (17) 


ROO R’CHO -+- (3) 


Reaction (3) proceeds by first isomerizing the peroxide radical and therefore it has a high activation energy 
(20 kcal/mole) [18]. 


The competition between Reactions (2) and (3) leads to the appearance of a maximum on the curve in 
Fig. 1, In fact, at low temperatures the peroxide radical should react by the bimolecular Reaction (2), which 
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proceeds with a lower activation energy (10-12 kcal/mole), The rate of this process increases with an increase 
in temperature and this leads to an increase in the rate of hydrocarbon oxidation, At a certain temperature 
(corresponding to the maximum rate on the curve in Fig, 1), the monomolecular propagation Reaction (3), which 
proceeds with a high activation energy, starts to predominate over the branching Reaction (2) and this results 
in a decrease in the oxidation rate, At these temperatures the oxidation rate is determined, not by process (3) 
as occurred at lower temperatures, but by the formation of the peroxide radical (1), as the latter reaction is 
characterized by a low steric factor, although it does have a low activation energy, As Reaction (1) becomes 
the limiting stage in the process, the destruction of active centers is mainly determined by the destruction of 
radicals R, Thus, with an increase in temperature, due to the competition between the two parallel peroxide 
radical reactions, (2) and (3), on the one hand, the possibility of branching decreases and, on the other, the 
stationary concentration of ROO radicals decreases, as Reaction (1) becomes the limiting process, Due to this, 
the rate of hydrocarbon oxidation falls sharply with an increase in temperature, 


The decrease in the oxidation rate will proceed up to a definite temperature (corresponding to the minimum 
in the curve in Fig. 1), With a further increase in temperature the reaction rate again starts to grow, as it comes 
under the effect of degenerate branching of another type [19] 


RCHO + RCO + (4) 


N, N, Semenov [15] proposed this type of degenerate branching and we applied it in considering the 
mechanism of methane oxidation [17], The elementary process (4) is strongly endothermal and it should there- 
fore be considered only at relatively high temperatures (after the rate minimum on the curve in Fig. 1), 


The appearance of a region of negative temperature coefficient in hydrocarbon oxidation may be con- 
sidered qualitatively, 


Starting from such a simplified scheme for hydrocarbon oxidation and considering that the branching rate 
is less than the rate of chain propagation, we obtain the following expression for the reaction rate: 


W 


W = 


+ & a3 — (5) 


where W is the rate of hydrocarbon oxidation, Wg is the rate of active center formation, gy is the constant of 
ROO radical destruction, g» is the constant of R radical destruction, ay =Ky[O,]; ag=Kzg[X]; a3 =Kg3 [X] is 
the concentration of the intermediate product, responsible for degenerate branching (aldehyde). 


It follows from Equation (5) that under the given conditions the reaction rate is determined by the aldehyde 
concentration [X], whose maximum corresponds to the maximum rate, The maximum concentration of X is, in 
its turn, a complex function of temperature [20]. 


Assuming that the total activation energy of Reaction (2) is less than the activation energy of Reaction (3), 
it is readily shown by using Equation (5) that the rate of hydrocarbon oxidation passes through a maximum with 
increasing temperature, For this, Equation (5) is rewritten in dimensionless coordinates: 

{+a—8’ (6) 
where 9 =W *gy/ Woas is the dimensionless reaction rate; a = Z2a3/ gia, is the dimensionless parameter, which 


takes into account the relative rates of processes (3) and (1); 6 = 
= 2a,/g, is the dimensionless branching parameter, 


Figure 2 gives the curve of reaction rate against temperature, 


calculated by Equation (6), For this calculation we assumed that 
a=4-10%& 1800/RT, B =9°10%e 10000/RT 


We also solved the reverse problem, Assigning the necessary 
values to the ratio of the pre-exponentials and the difference in acti- 
vation energy of the elementary reactions, in Equation (6), we cal- 
culated the value of the steric factor for Reaction (1) with a normal 
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pre-exponentia! (104%) for Reaction (3), so that the maximum of the reaction rate would appear at 400°, The 
calculations showed that if the difference in activation energy of Reactions (3) and (2) was taken as 10 kcal/mole, 
then the steric factor for Reaction (1) would be of the order of 107%, 


Thus, the simplified scheme proposed for hydrocarbon oxidation, taking into account the competition 
between Reactions (3) and (2), results in the appearance of a maximum in the reaction rate against temperature 
curve, Apparently, with a further increase in temperature, consideration of Reaction (4) will result in an in- 
crease in the reaction rate, 
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THE THERMODYNAMICS OF THE CHLORINATION OF RARE EARTH 
METAL OXIDES WITH GASEOUS CHLORINE 


I, S, Morozov and B, G. Korshunov 


(Presented by Academician I, 1, Cherniaev, November 16, 1957) 


The present work is a continuation of our studies on the thermodynamics and chemistry of the inter- 
action of rare metal oxides with gaseous chlorine (1, 2). A study has been made of the equilibria in reactions 
of the type 4MC1, (s) + 30, (g) == 2M2Oz (s) + 6C1, (g), where M denotes Sc, La, Nd, andSm, The studies 
were carried out in conditions where the equilibrium state was approached from either direction, i.e., from 
the chloride — oxygen side and the oxide— chlorine side, The chlorides of the metals were prepared from 
specimens made available to us by I, N, Zaozerskii, according to the method described in the textbook [3], 
The equilibrium composition of the gases was determined by a static method, by which a specimen of the 
gases was removed through a capillary from the reaction space above the mixture of oxide and chloride after 
equilibrium had been established in the system, 


Volume % 
sot 


50 


Chlorine content 
8 


7 


Fig. 1. Dependence of the Cl, content in the Fig. 2. Dependence of log K, on 1/T, 
equilibrium gas composition on temperature, 


The analysis was carried out in a gas buret placed in a thermostat, concentrated sulfuric acid saturated 
with chlorine being used as sealing liquid, The chlorine was absorbed from the mixture of gases with 20% 
caustic soda solution while the oxygen was determined as the difference between the volume of gas taken for 
analysis and the volume of gas absorbed, 


The “flow* method used in the works mentioned above was not anplicable to the oxides under examina~ 
tion, in view of the extremely low rates of establishment of equilibrium in the reactions, particularly at low 
temperatures, We established that the equilibrium state in the oxide— chlorine system is not reached even after 
10 days(at 350°), The data concerning the composition of the gas phase above the Nd,Os~ Cl, and La,Os~ Cl, 
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systems in the work (2), therefore, do not evidently correspond to the equilibrium condition, in contrast to the 
data for the chloride— oxygen system, in which equilibrium is established much more rapidly, 


TABLE 1 
Results Obtained from Study of the Equilibria in the Systems 
(s) + 30 (g) == 2MQ0sz (s) + (g) 


Equilibrium composition 
Tempera- | of the gas phase % by AZ, All, 


ture, °C Ky cal cal 
Cl, | 


Reaction 4ScCly (s) + 30, (g) -+ 6Cle (g) 


25 23,5 76,5 3,762-10~4 8190 
295 -10-3 7740 
340 34.2 65.8 8.747 -40-3 6310 | 724580 
364 40°6 59.4 2136. 40-2 4860 


Reaction 4LaCls 18) + (g) (s) + @) 


274 20,5 79,5 1,478-10-4 8450 
330 26.7 73.3 97498-4104 8380 
15 38.0 62:0 1, 264-10-2 5980 
425 40,2 59.8 4.972-40-2 5440 | £29280 
505 50.6 49.4 11393-4072 3050 
533 54,4 45.6 2° 733-1071 2070 
Reaction —4NdCls (gs ) 302 (g) 2Nd2O3 (Ss) + 6Cle &) 
270 19,0 81,0 8,857-40-5 10070 
368 28'6 11.4 1°504-10-3 $270 
440 38.3 61.7 1°344-40-2 6100 
575 55.7 44.3 3°438-40-1 1800 4 | +25700 
600 60,5 39.5 7°962-40-1 395 
615 61.4 38.6 120 


Reaction 4SmCly (s) (s ) +6Cl, (g) 


18,5 81,5 7,406 -410-5 10630 


340 2375 76.5 9600 
372 15,7 4.597 9750 #29520 
480 37,2 1069-102 6785 


585 20,6 49,4 1,393.10") 3360 


Taking this into consideration in the study of the equilibrium from the oxide- chlorine side, and in order 
to have an excess of the latter in the gas phase (compared with the equilibrium composition), we used the 
method described in the work [4], The chloride, placed in the furnace in an atmosphere of oxygen, was heated 
to 50-80° above the temperature of the experiment, and when constant pressure had been established in the 
system the temperature was rapidly lowered to the required value, Equilibrium in the chloride oxygen system 
was reached in 3-5 days, according to the temperature of the experiment, 


Chlorination of the oxides and oxidation of the chlorides of the metals proceeds without the formation of 
intermediate products, Thus, analysis of the oxides of Sc, La, Nd, and Sm, chlorinated at 400°, showed in the 
products the chlorides of composition ScCl, LaCls, NdCl, and SmCl, (M ratio 0.421; 1.30; 1.32; 1.40; 
respectively; according to theory 0.424; 1.30; 1.36; and 1,42), 


In accordance with the equation for the Law of Mass Action, the equilibrium constants for the reactions 
4MC]; (s) + 302 (g) <= 2M,0sg (s) + 6 Cl, (g) were calculated as follows: 


Kp Ph, / Poss 


where Pc), and Po, — the equilibrium partial pressures of the chiorine and oxygen; and 


P A 100—A 
syst. A — 
Po,= 100° Po, 
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where A — percentage concentration of chlorine in the gas phase, Psyst, — pressure in the system, corresponding 
to equilibrium (see Table 1), 


The free energy changes for the reactions, calculated in accordance with the well-known expression 
AZ =: — RT InK 


are also given in Table 1, 


The mean values for the heat effects in the reactions, according to the reaction isochore equation 


log K,, —log K;, =: 


amounted to + 24,580; + 25,230; + 25,700; + 25,520 cal, respectively in the temperature ranges indicated, 
Figure 1 shows the equilibrium composition of the gas phase, Figure 2 shows the relationship between log Kp 
and 1/T. As can be seen from Fig, 2, the values for log Kp = f(1/T) fall satisfactorily on straight lines, 


The results obtained show that the close physical and chemical properties of the elements under examina- 
tion result in a similarity in thermodynamic properties, 
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CALCULATION OF THE RATE OF DECOMPOSITION OF DIATOMIC MOLECULES 


E, E, Nikitin 


(Presented by Academician V, N, Kondrat'ev, October 24, 1957) 


The paper [1] gives the calculation of the rate constant for the thermal decomposition of diatomic mole- 
cules and the distribution functions according to the vibrational states on breakdown of the thermal equilibrium 
distribution, An essential feature of this calculation is the assumption that the vibrational quanta remain approxi- 
mately constant up to the dissociation limit, In the present work the rate constant for the reaction AB+C —> A+ 
+B+C is calculated without this limitation, 


Let us assume that on collision in a diatomic molecule, a change may take place only between neighboring 
vibrational levels, while dissociation of the molecule is possible only from the last discrete level[1], We shall 
use Py k= to denote the probability of the change from the k level to the k - 1 level for one collision, and 
Pop to denote the probability of the change from the last n-th discrete level to the state with a continuous energy 
spectrum, We shall assume also that the Maxwellian distribution of colliding molecules is observed, This 
assumption is also extremely well justified when the dissociation energy is greater than ®T (the percentage 
correction of the rate of reaction taking account of the breakdown of the Maxwellian distribution of the order 
of T/25D(2]), In this case the probability of the vibrational excitation of the molecule on collision from the 
k— 1 level to the k level is related to Py, - 4 by the relationship 


Ex 


Ph—1h Prr—-i exp (— (1) 


which follows from the detailed equilibrium principle. In this expression, Ex,k-4 denotes the energy difference 
between the k and k~ 1 levels, 


If we use x; (t) to denote the distribution function, i.e,, the probability of finding the molecule in the k-th 
level, then the change in this quantity with time is described by the following system of equations: 


dx 
= — (Pa Xe + Pati (2) 


with the limiting conditions x. 5 =X p44 =0,which signify that the vibrational spectrum of the molecule contains 
n+1 levels, In the system of Equations (2), Z denotes the number of collisions of AB and C in 1 second and 
the symbol Poy = Py n42%n4a is introduced, 


The general solution of the system has the form 


Xn(t) = An exp (— (3) 


m= 0 


where ft ;, are the particular values of the matrix B of the right-hand part of the system (m denotes these 
particular values in the order of increasing 1), 
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If Py, p41 = 9, then the particular values of the corresponding matrix B) form a series pe 3 The first 
particular value ug = 0 then corresponds to the thermal equilibrium distribution, . 


If P, yaa # 0, then in accordance with the general theory of local excitations [3], all the py, are shifted 
relative to y in one direction, namely > when Pp n+y> 9. If My, then fort>> 1/py it 
follows from (3) that there is an exponential damping of the distribution function, which corresponds to decom- 
position, Calculation shows that the condition p19 « ply is fulfilled for most reactions (for example, for T = 1000°, 
D=100 kcal/ mole, Hy ~Hy° 107°), For the same condition, the lowest particular value of the matrix may be 
found by reducing its determinant D(B - pI) to zero by steps of » and confining ourselves to the linear term, 


Calculation gives 


where summation is carried out at all discrete levels, In the Expression (4), the second sum in brackets is 
slightly dependent on the lower limit of summation, since the terms in the sum increase markedly with increase 
in the index s , They can therefore be taken out from the summation over j and the lower limit of the summa- 
tion may be taken as unity, The sumto j terms is then simply equal to the vibrational sum of states Q. Since 
the equilibrium distribution function is determined by the formula 


x} = exp (— / 


the Expression (4) may be rewritten in the simpler form: 


) 
Pr 


In order to calculate 19 we note that normally the relationship x0) Pay > x Px, k-3 is observed, This 
leaves only the second term in (5)— the sum of the changes in the discrete spectrum. If we assume that near the 
dissociation threshold Ex,,-~4 < %T, while Py ,-4 is slightly dependent on Ex for low quanta, then the summa- 
tion may be replaced by an integration, and Px, ,-4 taken out from under the integral sign at the point E = D: 


n D 

x(E) P(E) ~ &P (D) exp @ (6) 
- 0 


Here @ denotes a certain average quantum close to the dissociation threshold. 


After these transformations the Formula (5) has the form: 


bo = 2 P(D) exp (— | Q. 


I\RT, (7) 


The changes between nonneighboring levels may be calculated approximately if we sum the values of 19, de- 
termined by Formula (7), along all the “parallel routes" of the decomposition, In this case 6 P(D) in (7) should 


be replaced by > GnPn(D), where the index n corresponds to changes to a neighboring level via 1, 2, etc. 

a 
levels, The probability P,,(D) is slightly dependent on the transferred energy € n> When the collision time r is 
small compared with the characteristic time of the change H/@n. If r is large compared with h/Gp, then 
P,, (D) decreases rapidly (exponentially) with increase in @p (adiabatic collisions [4]), The minimum value 


ON, at which P, (D) begins to decrease sharply, may be found from the condition 


1. (8) 
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: 


The collision time r is determined by the expression r = p/v, where p = radius of action close to the 
operating (exchange) forces, while vy is the mean relative rate of the colliding molecules, As follows from 
experiments on ultrasonic dispersion, the value of p is approximately the same for all molecules and is equal 
to 0.2- 0,3 A, 


Taking account of the normalizing condition dPn == | and the fact that P,, (D) is slightly dependent on 
n 


Gn when Gn< Gn, we obtain 


é 


Here m is the reduced mass of the colliding molecules, 


Thus, taking into account nonneighboring changes, Formula (7) has the form: 


“A (D's D 


\ 


The decomposition rate constant k is equal in magnitude to py, averaged for the rotational states of the 
molecule AB: 


E dE 
k= vo(Dett) exp (— (10) 


Here Deff =D— XErot while the factor) depends in a complex fashion on E,,; and lies within the range 
0<, <1. The reduction in the effective dissociation energy results from the centrifugal forces and can be 
calculated for each concrete example. 


Since the internal degrees of freedom of the molecule C have not been taken into consideration in the 
derivation of Formula (7), it is applicable to the case of collisions of diatomic molecules AB with an atom, The 
decomposition of bromine may be taken as an example of such a reaction: Brg+ Ar—> Br+Br+Ar,* which 
has been studied over a wide temperature range (300-2000° K) [5], The experimental decomposition rate con- 
stant is equal to 


{ D 
k =6-10°*Z =7) ex (— 7) 
where Z) is the gas-kinetic collision number, This formula is accurate for a change in k of a factor of 10”; 
the relationship between the pre-exponent and the temperature may therefore be taken as established, 


Numerical calculation of Degg for Brg shows that when E,,; < D, the factor ) is slightly dependent on 
Erot and is equal to approximately 0,9, The integration (10) then gives k s 10 9(D), For the evaluation of 
My in accordance with (9), we observe that in the temperature range 300-2000° K it may be assumed that Q 
T/fiw. 


Taking into account the fact that the collision number Z for vibrational excitation of a molecule may 
exceed the gas- kinetic collision number by a factor of 3-4, and that there are two electronic states (45+ and 
Sq iu) for the same dissociation energy D, evaluation of the decomposition rate constant in accordance with 
(9) leads to the expression: 


* A calculation of the rate of decomposition of Brg was made by Rice [6], The author did not take into account 
the breakdown of the equilibrium distribution and rotation, and the increased pre-exponential factor was related 
to the greater statistical weight of the energy region of the order kT close to the dissociation limit, When the 
breakdown of the equilibrium distribution is taken into account, as can be seen, for example, from (5), the 
greater density of the levels close to the dissociation threshold cannot increase the decomposition rate constant, 
A similar problem was solved by Careri [7] who, however, without justification suggested transfer from lower 
vibrational levels in the region of the continuous energy spectrum, 


= 
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k~5-1072Z, “ex xp(— (12) 


Thus, the calculated and experimental values of the decomposition rate constants are of the same order 
of magnitude (the quantity (D/k T)¥2 varies from 3-7 in the temperature range studied), 


In conclusion I have to express my gratitude to Professor N, D, Sokolov for valuable observations and dis- 
cussion of the present work, 
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THE ADSORPTION POTENTIAL IN THE NEIGHBORHOOD OF 


SPHERICAL PARTICLES OF COLLOIDAL DIMENSIONS 


L. V. Radushkevich 


(Presented by Academician M, M, Dubinin, November 2, 1957) 


Disperse systems consisting of extremely small spherical particles are of interest to research workers, 
since materials of practical importance are found among such systems, for example, “blacks,” silica gel, 
titania gel, etc,, which have been shown by electron microscope studies to possess a globular structure, while 

the dimensions of the particles can often be readily determined with sufficient accuracy, In addition, by 

studying these systems it is possible to examine certain fundamental questions regarding the theory of adsorption, 
since the simple geometry facilitates the necessary calculations without introducing any hypothesis concerning 

the structure of the system, On the basis of the general theories of adsorption potential increase in the splits, 

pores and cracks of a sorbent, it is often suggested that there is an increase in potential near the point of contact of 
of spherical particles, It might therefore be assumed that for certain sorbents consisting of nonporous spherical 
particles, a potential increase of this sort should be reflected in the shape of the vapor adsorption isotherms, This 
suggestion, however, requires quantitative confirmation, which has not yet been done even approximately, 


Let us consider first of all the adsorption field created close to an isolated (single) spherical particle of 
diameter § = 2r at a distance d from its surface, It is most convenient to carry out the calculation by com- 
paring the adsorption potential P of the particle with its value at the same distance from a plane surface, when 
it is equal to P,,, It may be confirmed a priori that P < PQ), the reduction in potential being brought about by 
two factors: the influence of the curvature of the surface and the finite dimensions of the particle, The cal- 
culation which we propose relates to particles whose diameters lie within the range 100-2000 A, which corre- 
sponds to the dimensions most frequently encountered in silica gel, blacks, etc, In order to take account of the 
possible formation of polymolecular layers, the value of the potential was calculated at distances from the sur- 
face equal to 3-7 times the radii of the molecules being adsorbed, Under these conditions the distance d is 
several times greater than the distance between the adsorbent molecules and in the calculation of the adsorption 
potential it is possible to employ integration instead of summation without appreciable error, 


The volume element of the adsorbing particle, expressed as the differential of the volume of a spherical 
segment, is equal to 


r?— R2 
do = R/2R—r d+ 7 )ar. 


The adsorption potential at a point situated at a distance d from the surface can therefore be expressed as 


2r+d 
P=aN \ f(R)RQR—r—d+ 
d 


where f(R) is the potential of the interaction of the adsorbent molecule with the molecule being adsorbed, 
Without going into a discussion of the nature of this interaction, it is possible in any case to represent this 
function in the general form [1]: 
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F(R)=fit+fe + fs. 


Here, the first two terms of the sum characterize the attraction and the last term the repulsion, For a plane 
surface, as is well known [2]: 


Poo = 2nN \ f (R) R(R— d) aR. 
d 


From this, using the Expression (2), we find that 


Peo = Pos + Poo + Poor 


Po = Po = =: (2 + x) 


and x = = . For the spherical particle, substitution of the corresponding quantities from (2) in the Formula (1) 


and integration lead to other relationships which on reduction have the form 


P + + 


a=(1+7)%; B= (t+) 

e~* (y? -}- ny? +- 2ny -|- 4y + 6) — (2ny — ny? — 2y 4+ 6) 
y (29 + 1) (2 -++ ny) 


Here 7 = . and y = % . In the last formula, y is very large (for example, for p =0.2-0.5 A, y is equal 


to 300-2000) and the first term in the numerator is extremely small and may be neglected, Then 


2 (ny ++ 3) 


or, when y = 10°, more simply: 


y= (24 + 


Finally, therefore: 


- 2,97? -| 2,9 1 ” 
P= Pog + (24 + 


It can be readily seen that all the quantities a, 8, and y are never greater than unity, while they reach 
their maximum values when 2r—> oor 0, i.e,, over a plane surface, From this it follows that 


P< Pew. 


Table 1 gives the values of the coefficients a,8 , and y for different values of n, found from the for- 
mulas, 


These results show that in the range of particle dimensions and distances d indicated, when the values of 
n lie within the range from 0,005 to 0,10, the coefficients a, 8, and y differ considerably from unity, which 
corresponds to a plane surface, Evidently, however, the contributions of the quadrupole term and the repulsion 


U = f(R)=— + =) De-Rle (2) 
\ 
or 
where 
J where 
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component are small compared with the contribution of the dipole term and may be neglected, But in any case, 
it may be expected that above a single particle at a distance of from 2-3 molecular layers, we have to take 
account of a reduction of adsorption potential of 10-20% compared with the value over a plane surface at the 


same distance, 


TABLE 1 On going to particles in contact, and limiting our- 
selves for the sake of simplicity to particles of equal 
dimensions, we observe that close to such systems the 

” ‘ 8 potentials from the separate particles are added to one 
y=i00 | y=1000 another, Thus, for a pair of particles in contact, at 
points lying on a common tangent and situated at equal 
0 1 1 { 1 distances from both particles, the potential is simply 
,905 | 0,985 0,990 0,962 0,987 doubled, Consequently, we have in this case: 
0,01 0,974 0,975 0,953 0,978 j 
0,10 0,751 0,792 0,814 0,831 
4,00 0,125 0,188 0,327 0,333 1000 A and above, we may take Py 2= 2P op, since in this 


case a =8 =y =1, This corresponds to the maximum in- 

crease in adsorption potential in the space between two 

particles, Similar calculations by de Boer and Custers 
[3], and also by Moelwyn- Hughes [4], for a concave hemisphere at its center, gave P = 4P. In the case of a 
cylindrical pit with a hemisphere at the foot, we have at its center P ~ 6Pg), and for a space enclosed on all 
sides we have P=8P,,, It may therefore be said that in the space between particles ii contact the increase in 
potential is relatively small even for the largest colloidal particles and becomes still smaller when the particles 
are small; for example, for the smallest we have Py,2 ~ 1.5 Pq. 


In the center of a group of 3 particles such as is formed in closest packing, which is situated at 1 
= 0.106 from each particle, the adsorption potential is equal to Py,2,3=3 P or, for small particles, Py,2,5 
30.75 & 2,25 


In experimental studies, large quantities of spherical particles are always dealt with, For loosely packed 
systems, on the basis of the above calculations, we might expect a slight increase in the potential at a small 
number of contact points, which would be practically compensated by the reduction in potential over the free 
surface of the particles, so that the adsorption isotherm should correspond closely to the isotherm for particles 
not in contact, other conditions being equal, 


I have to express my gratitude to Academician M, M, Dubinin for his interest in the present work, 
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THE PROBLEM OF CARBONIUM ION FORMATION 
IN ADDITION REACTIONS OF OLEFINS 


A. E, Shilov, R, D, Sabirova, and V, 1. Gorshkov 


(Presented by Academician N, N, Semenov, October 9, 1957) 


Heterolytic reactions of additions at multiple bonds proceed by a stepwise donor-acceptor mechanism 
(see for example[1]), In the first stage intermediate active compounds are formed and subsequent reactions 
of these lead to the formation of the product, In particular, in acid- catalyzed processes (hydrohalogenation, 


hydration and the addition of acids) the reaction proceeds via the formation of a protonized form of the olefin, 
For example: 


CoHy-+ Ht (CoHy-H)+ + Ht. 


The presence of an established acid-base equilibrium in the first stage is shown by the linear dependence 
of the rate constant on the acidity of the medium [2]. The nature of the ion formed in the first stage is the 


subject of wide discussion at the present time, In many papers the authors suggest that the reaction proceeds 
via a carbonium ion: 


H. H 
CoH, + Ht 
(1) 


On the other hand, beginning with Dewer [3], it has often been assumed that the ion formed has the 
structure of a t-complex in which the 1-bond of the olefin is not completely converted into a g-bond, C— H: 


(2) 

For an experimental test of one or the other hypothesis it is possible to make use of the fact that in the 
m-complex the nature of the bond formed with the proton must be different from the nature of the other C-H 
bonds, i.e,, the H atom added must be nonequivalent to the other atoms, In a carbonium ion, the H atoms of 
the CHg group must be equivalent, Therefore, if we take an acid with labeled hydrogen (for example D,SO,) 
then in the case of Reaction (1) we should observe a rapid exchange of deuterium between the sulfuric acid and 
the olefin and inthecase of Reaction (2), the exchange must not occur, 


The prevailing opinion on the facile exchange of olefins with acids [4, 5], it would seem, confirms the 
carbonium ion mechanism, However, a more careful examination shows that we cannot assume such an un- 
equivocal course from the data on exchange, In particular, the exchange of ethylene with deuterosulfuric acid 


was studied under conditions [10], when the reaction rate of the reverse, empirical Reaction (3) was not very 
small: 


+ CgHyDOSO;D. (3) 


Naturally in this case exchange must be observed, regardless of the nature of the intermediate ion, as without 
doubt the H atoms of the CHsg group in ethylsulfuric acid are equivalent, 
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We studied the absorption of ethylene in DSO, under conditions of almost complete absence of decom- 
position of ethylsulfuric acid, For this, the reaction was performed with an increased ethylene pressure (about 

4 atmos) at room temperature, The reaction vessel was an inverted glass U-tube, Into one of its limbs was 
placed deuterosulfuric acid and ethylene was frozen down into the other 


TABLE 1 with the vessel connected to a vacuum system, After this, the whole 
Mass Spectrum of Ethyl Chloride tube was sealed off in vacuum and the ethylene began to be adsorbed 
(electron energy 85 ev, tempera- in the sulfuric acid while the vessel was shaken mechanically, To 
ture of ionization chamber maintain the required ethylene pressure, the limb of the vessel, con- 
~ 200° C) taining liquid ethylene was cooled in a cooling mixture at — 75°, 
Ethyl chloride To determine the D content of the ethylsulfuric acid formed, 
mie c.H,c1_ | from reaction the latter was hydrolyzed with water to ethyl alcohol, which was 
products treated with HC] in the presence of zinc chloride [6] to give ethy] 
chloride, The ethyl chloride obtained in this way was analyzed on 
69 > aoc an MS-1A mass spectrometer [7]. 
= 2.3 -—" To determine the isotopic composition of the acid hydrogen, the 
a a A acid was diluted with a definite amount of water and reacted with 
64 349 "36 CHgsMgl to give methane, which was analyzed for CHsD content on 
63 21 — the mass-spectrometer [9], 


In Table 1 we give the distribution of the line intensities in the 
calibration spectrum of normal ethyl chloride and in the mass spectra of the reaction products analyzed, The 
intensity values are given as percentages of the intensity taken as a standard in the given mass spectrum, 


The compositions of the products formed, calculated from the data in Table 1, are givenin Table 2, 
In the calculation it was assumed that in the first approximation the probability of stripping of each H and D 
atom in dissociation ionization in a mass spectrometer is the same, 


TABLE 2 


men Conc. of D in Dinacid | Isotopic composition of ethyl chloride () 
xpt. |sulfuric (NgSO,)-+(HySO,) original H of remaining 
No. |acid in {~~ (GH, sulfuric | mixture poly- 
absorbed |acid C,H,Cl | C,H,DCI | 


1 99;9 ast 100 — 9,3 89 2,4 0,5 
2 99,9 2 100 — 5,8 94 3,6 0,1 
3 94,5 3,4 74 77 40 59 0,07 0,04 
4 99,7 4,7 26 86 14 0,2 0,01 


It is obvious that the only deuterium derivative contained in the mixture in any significant amount is mono- 
deuteroethyl chloride, The formation of small amounts of C,HsD,Cl in Experiments 1 and 2 is apparently due to 
the reversal of Reaction (3), In Experiment 3 is presented the isotopic composition of the acid hydrogen of the 
original sulfuric acid and the mixture of sulfuric and ethylsulfuric acids formed, It is apparent that the light 
hydrogen of the ethylene does not enter the acid in the reaction process, 


We obtained similar results for the hydration of isobutylene in 4 M and 6 M deuterosulfuric acid, The 
reaction was performed in sealed ampules at room temperature, The hydroxyl hydrogen was washed out of the 
trimethyl carbinol formed with light water and the carbinol was analyzed directly on the mass-spectrometer, 
The deuterosulfuric acid was analyzed for deuterium content before and after the reaction, It was found that 
in this case the reaction proceeds without significant exchange of the sulfuric acid and the olefin, since the 
reaction product was almost exclusively the monodeuteroalcohol, 


From these results it follows unequivocally that in the addition of sulfuric acid to ethylene and the addition 
of water to isobutylene, the stage of the reversible formation of a carbonium ion [Reaction (1)] is absent, Apparently, 
the -complex hypothesis is thus experimentally confirmed, 


A 
& 
* | 


It is interesting to note that from the absence of exchange it also follows that not only is a reversible iso- 
merization of the m-complex into a carbonium ion absent, but also the isomerization of the ™-complex into an 
isomeric m-complex, 
H 
CH, 7 
Sc=CH, 2  \SC—CHD. 


CHs CHa 


CHs 


In addition, at first sight it appears that this reaction must go readily as it is not associated with either 
energetic or steric difficulties (in particular for isobutylene, where the proton being added is directed to the CH, 
group). We consider that the absence of such exchange confirms the recent proposal of I, I, Moiseev and Ia, K, 
Syrkin [8], that the t-complex is a formation which includes the whole acid molecule and is close in structure 
to an ion pair, In this case the isomerization (4) would naturally be hindered, 


In the recent paper of Taft and Purlee [11] it was also shown that the hydration of olefins in dilute acids 
proceeded without exchange of the hydrogen of the water and the olefin, The authors established the absence 
of exchange by using heavy water for the hydration and analyzing the olefin which did not have time to react, 
To prove that exchange is absent in this case it is necessary to show that equilibrium is attained between the 
gaseous and the dissolved olefin, Apparently, this condition was actually fulfilled. Together with the data ob- 
tained in the present work, these results show that over a wide range of acid concentrations, the stage of reversible 
carbonium ion formation is absent, 


From the data on the additicn of sulfuric acid to ethylene, it is possible to determine the isotope effect of 
this reaction, From Experiment 4 (Table 2) (performed with a large excess of acid) it follows that 


ki [CoH;Cl] [D+] 


ky [CsHaDCl] {H*] ~ 2,2. 


The ratio kyj/kp for hydration in dilute acids [11] is close to unity.* 


We consider that the insignificant isotope effects in the additions to olefins indicate that the limiting act 
of the reaction can hardly be irreversible isomerization of the t-complex into a carbonium ion 


(as was proposed in the papers of Taft and other authors), as such a process must, apparently, proceed with the 
maximal isotope effect, The accurate interpretation of the isotope effect is, however, made more difficult by 
the fact that the reaction has many stages, 


The authors would like to thank V, L, Tal'roze for consultations on performing mass-spectroscopic analyses, 
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ADSORPTION OF AMMONIA ON GRAPHITIZED CARBON BLACK 


A. A, Voskresenskii 


(Presented by Academician M, M, Dubinin, December 2, 1957) 


As is well known, adsorption of water vapor on carbon black adsorbents exhibits a number of specific 
features which manifest themselves in a characteristic shape of the adsorption isotherm, Systematic investigation 
of this problem [1] has led to the conclusion that the characteristics mentioned are due to the ability of adsorbed 
water molecules to form association complexes by virtue of the formation of hydrogen bonds, If this view is 
correct, it might be expected that other substances,for which, as is the case with water, adsorption energy on 
carbon black adsorbents is small and forces of interaction in the adsorption layer due to hydrogen bonding may be 
quite considerable, would be characterized by a similar form of the adsorption isotherm, In connection with this 
problem, a few years ago we had in this laboratory undertaken the investigation of the adsorption of ammonia 
vapor on carbon black adsorbents at temperatures near the boiling point of ammonia, Preliminary experiments 
carried out with graphitized carbon black have enabled us to establish that in this case the adsorption isotherm 
was bending upwards which confirmed the fundamental correctness of the theory. A paper by Beebe and Dell [2] 
also led the authors to a similar conclusion, However, whereas the amount of water adsorbed on carbon black 
adsorbents as well as the shape of the adsorption isotherms depend strongly on the degree of oxidation of the sur- 
face of the adsorbents, in conformity with the theories mentioned, it is found that in the case of ammonia re- 
versible upward- bent adsorption isotherms are observed only for carbon blacks which have been heated at a high 
temperature, Thus, according to Beebe and Dell [2] adsorption of ammonia on Spheron-6 carbon black which 
has been graphitized at 1000’, is irreversible: over the initial portion of the isotherm the portion corresponding 
to desorption lies above that corresponding to adsorption, On the other hand adsorption of ammonia on the same 
carbon black graphitized at 2700° is reversible over the entire range of the corresponding pressures, From what 
has been said so far it follows that it is not possible to apply our views concerning the adsorption of water vapor 
directly to the case of the adsorption of ammonia on carbon blacks, 


Below, we report our results of measurements of the adsorption of ammonia vapor at a temperature of 
— 36,3° on Ukhta channel black graphitized for two hours at a temperature of 1700° in a current of hydrogen, 
The choice of the black and of the conditions of its preliminary heat treatment were governed by our endeavor 
to prepare a carbon black adsorbent with a relatively uniform surface, The specific surface of the black was 
determined by low-temperature nitrogen adsorption and was found to be 100 m*/g. All measurements were 
carried out on the standard volumetric apparatus adopted in this laboratory, The temperature of the adsorbent 
was maintained constant withins 0,1° by means of the cryostat described by G, G, Muttik [3], Ammonia was 
prepared by repeated fractionation of a concentrated aqueous solution of ammonia at low temperature, followed 
by drying over metallic sodium, 


In Fig. 1 is shown the adsorption isotherm of ammonia on channel black at a temperature of — 36,3°, In 
the top left-hand corner of the diagram is illustrated the initial portion of the same isotherm on a larger scale, 
The adsorption is fully reversible over the entire range of corresponding pressures, 


If we assume that the area taken up by a molecule of ammonia is equal to w = 13,1 A*, we find the adsorp- 
tion capacity of a monolayer — ay, = 1,27 mM/g, In other words, as we move along the curve up to point A 
in Fig, 1, adsorption remains, evidently, monomolecular, while point A corresponds approximately to the transition 
to polymolecular adsorption, 


209 


Comparison of the isotherm illustrated in Fig. 1 with well-known adsorption isotherms of water vapor on 
similar adsorbents leads us to the following conclusions, 


Although in both cases the adsorption isotherms are bent 

mL ‘ upward over the region corresponding to monomolecular adsorption, 

they show, nevertheless, essential differences in shape, Adsorption 
isotherms for water exhibit a region of very steep gradient which 
is absent on adsorption isotherms of ammonia, In the case of 
water this region of steep rise is displaced in the direction of 
increasing relative pressure as the degree of oxidation of the 
surface decreases, and the amounts adsorbed at lower pressures 
are extremely small, As has alueady been pointed out, in the 
case of the adsorption of ammonia on carbon blacks of different 
degrees of surface oxidation the isotherms are not shifted in the 
direction of greater relative pressures with decreasing concentra- 
tion of oxygen complexes on the surface which latter constitute 
the primary centers of adsorption of water molecules [4], In 
addition, as will be seen from Fig. 1, in the case of adsorption 
of ammonia on carbon blacks the amounts adsorbed at relatively 
low pressures are still quite considerable, These peculiar features 
may be explained when we realize that as a result of the greater 
polarizability of the ammonia molecule, as compared with that 
of a water molecule, the energy of interaction with the surface of 
the graphite lattice is greater in the case of ammonia than it is in 
the case of water, while the energy of the hydrogen bond is greater 
for water, 


As has been shown by Bering and Serpinskii [5] the pre- 
dominance of forces of attraction at close range within the ad- 
sorbed layer will always manifest itself in adsorption isotherms 
which will be bent upward in the initial portion, and this will 
be so quite independently of the actual mechanism of interaction 
between the adsorbed molecules, To describe the upward-bent 
portion of the adsorption isotherm of water vapor on carbon blacks, 
Dubinin and Serpinskii [4] have deduced the equation 


(1) 


where a is the amount adsorbed, h is the relative pressure of 

water vapor, and c and a» are constants, the latter denoting 

the number of "primary" adsorption centers constituted by mole- 
Fig, 2, cules of chemisorbed oxygen, 


In Fig, 2 it will be seen that over the relative pressure 
range from 0,1 to 0,45 our data may be described by an equation of the form of (1), although, as has already 
been pointed out, adsorption of ammonia on carbon blacks is unaffected by the amount of chemisorbed oxygen, 
We are therefore going to show below that a relationship between a and h similar to that given by Equation 
(1) may be arrived at without assuming the existence of any primary adsorption centers on the surface of the 
adsorbent, 


We shall start with the assumption that even on a perfectly uniform surface two-dimensional adsorption 
complexes of different dimensions are formed within the adsorbed monolayer as a result of hydrogen bonding, 
In other words, we are assuming that as a result of adsorption individual nonassociated molecules may form 
complexes composed of two molecules, that such complexes may change into termolecular ones, etc, 


Let g denote the total area covered by the adsorbed substance, and @4, 63, @3,..., the fractional areas 
covered by complexes of one, two, three, etc,, molecules, It is obvious that 
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Let k', denote the velocity constant of formation (through adsorption) of a complex of n molecules, and 
k'; the velocity constant of decomposition (through desorption) of such a complex, Let us also assume that k}= 


=ky=kg=..., and kj =ky=kg =... 3 from general physical considerations it is evident that ky # kg and 
ky" # kj 


If we also take it, as is usually done in similar cases, that at equilibrium the rate of adsorption on complexes 


of (n - 1) molecules is equal to the rate of desorption from complexes of n molecules, we easily obtain the 
following set of equations: 


1 ky (1 0) h, 


Putting, for the sake of brevity, a 


obtain: 


== U6, =c’ (1 + + (c"h)? 4-- (c*h)") (4) 


On calculating the value of the geometrical progression on the right-hand side of Equation (4) for n —» o, 
we obtain the final expression: 


Am (5) 


where yp is the adsorption capacity of the monolayer, It is evident that Equation (5), deduced without assuming 
the existence of primary adsorption centers on the surface of the adsorbent, is similar in form to Equation (1). 


The author wishes to thank Messrs, V. V. Serpinskii and B, P, Bering for their constant interest and assistance 
in this investigation, 
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ON THE THERMAL IONIZATION OF HYDROGEN AND HYDROCARBONS 


IN THE PRESENCE OF METALLIC CATALYSTS 


P, G. Ivanov and Academician A, A. Balandin 


It is well known that gases which are adsorbed by hot metallic surfaces or which pass into solution in 
metals, undergo ionization and impart to the surface of the metal a constant and reproducible electrochemical 
potential which is characteristic for the given metal (see, for example, [1]). It has been established that the 
charge on metallic surfaces may be removed by evacuation of the gas; it may also be removed by means of 
chemical reactions as, for example, by burning adsorbed hydrogen with oxygen, It has also been established 
that adsorption and desorption of gases by a metal is accompanied by changes of its electrochemical potential, 


The object of our experiments was to detect directly the appearance of charged particles in the gaseous 
phase in the presence of metallic surfaces possessing catalytic properties (see apparatus in Fig, 1), Disc-shaped 
electrodes a and a‘ made of a metal which may serve as a catalyst, were screwed 
on the ends of two rods b and b’ which were sealed into accurately ground caps 
fitted into the ends of the main glass tube. The ends of the two rods were connected 
to an electrostatic volt meter v or some other instrument sufficiently sensitive to 
measure weak currents, The glass tube was 3,8 cm in diameter and 70 cm long. 
The electrodes inside the tube as well as the gas around them could be heated up 
to 520° by means of a small electric heating coil c, 8 cm long, When the coil was 
hot the free ends of the tube remained cool, It was established that no current 
passed along the walls of the tube since, firstly, the results were unaffected when 
the length of the cool portion of the tube was varied in different assemblies and, 
secondly, the strength of the current depended on the nature of the electrodes (see 
below). The distance between the electrodes was 20 mm, The temperature was 
measured by means of a molybdenum glass thermometer d reading to 510°, the 
lower end of the thermometer rested on the upper disc electrode and was attached 
to the rod b by means of clamps, The use of molybdenum glass made it possible 
Fig. 1. Diagram of to carry out experiments over the temperature range from 20 to 510°, With quartz 
apparatus, glass diffusion of hydrogen ions was observed on heating. 


Before each experiment the apparatus was evacuated to a pressure of 1074 
mm Hg, In experiments with saturated vapors of organic liquids the latter were placed in glass tube e where 
they were degassed, followed by freezing for a period during which the apparatus was evacuated, The 
liquids were then warmed to 25° and their vapors were then conducted into the discharge tube, When the pressure 
was equalized the discharge tube was closed (stopcock s) and the rate of discharge of the volt meter v (type S-91), 
connected to the electrodes without an external resistance and charged up to 150 v, was measured as the tem- 
perature was gradually raised, The time intervals were determined by means of a good stop watch. From the 
rate of discharge of the voltmeter it was possible to draw conclusions on the degree of ionization of the gas and 
vapors contained in the space between the electrodes, Experiments with hydrogen were carried out at a pressure 
of 1 atmos; the gas used was electrolytic hydrogen suitably purified, The electrodes were of palladium, alumi- 
num, and copper and the surface area of each was 6 cm®, Palladium was saturated with hydrogen before each 
experiment, The discharge current was strongest when palladium was saturated with hydrogen, 


The experimental results are presented in the form of curves, the axis abscissae referring to time r - the 
reciprocal of the rate of discharge of the voltmeter, the axis of ordinates referring to the temperature, The 
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greater the degree of ionization the closer to the vertical axis and the lower does the curve lie, 


The results for hydrogen with palladium, aluminum, and 
copper electrodes are presented in Fig. 2, a from which it will 
be seen that a marked increase in the concentration of ions 
begins below 100°, An important fact is that ionization of 
hydrogen with increasing temperature depends on the electrode 
material and is always reproducible and reversible, i.e., the 
curve which corresponds to ionization during the heating-up 
coincides with the curve corresponding to cooling, The ionizing 
efficiency may be characterized, for example, by the tempera- 
ture at which the reciprocal rate of discharge is equal to 60 
seconds, The lower this temperature the greater is the ionizing 
efficiency. With palladium electrodes this temperature is found 
to be quite low in the case of hydrogen, namely, tg) = 90°, For 
a palladium aluminum pair of electrodes, tg) = 100°;with copper 
electrodes, tg = 135°, 
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0 jo 60 D2) see In a similar manner we have investigated the ionization 


of vapors of some hydrocarbons of different structures: n-heptane, 
Fig. 2, a) Hydrogen, Electrodes: 1) 2,2,4-trimethylpentane, cyclohexane, benzene, dekalin, tetralin, 
Pd/ Pd, 2) Pd/Al, 3) Cu/Cu, as well as a cyclic ketone — cyclohexanone, using different 
b) Cyclohexane, Electrodes: 1) electrodes (see Figs. 3 and 4), It was found that in all these 
Pd/ Pd, 2) Pd/Al, 3) Al/Al. Benzene, cases ionization did take place, The experiments with hydro- 
Electrodes: 4) Al/Al, carbons were always reproducible, except in those cases in which 


hysteresis was observed (see below), The curves obtained for 
n-heptane with palladium electrodes were not completely reproducible (see Fig. 3, a and Table 1), In Table 1 
are shown the values of tgq for all hydrocarbons investigated as well as for hydrogen in those cases where the 
pressure was higher than 1 atm, The sign | denotes curves obtained during heating, the sign | denotes those 
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Fig. 3, a) n-Heptane, Repeat experiments, Electrodes: Pd/Pd, b) n-heptane, 
Electrodes: 1,2) Al/Al, 3) C/Al, c) 1) n-heptane, 2) 2,2,4-trimethylpentane, 
Electrodes: Cu/Cu, 


corresponding to cooling; wherever these signs are not shown the curves corresponding to heating and cooling 
coincide with each other, in other words, the process is reversible: there is no hysteresis, Most of the curves 
show no hysteresis, Hysteresis was, however, observed in the case of dekalin and tetralin and in some cases 
with n-heptane, In the case of n-heptane, using aluminum electrodes, a noticeable, although small, increase 
in the degree of ionization was observed when the cup of the lower electrode was packed with activated palm- 
tree charcoal; the corresponding curve is displaced toward the left and the process is reversible, The lower 
curves in Fig. 4, b with tetralin and Pd were obtained in repeat experiment immediately after the original one; 
the degree of ionization was found to be greater in the repeat experiment than in the first one, Now, ionization 
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in a gas, in the presence of metallic surfaces, can be observed already at low temperatures, for example, below 
100° in the case of hydrogen, This ionization process is not the same as the thermal ionization of hydrogen in 
bulk which, as is well known, takes place at high temperatures, since in this case the ionization potential of 

hydrogen is high, 


TABLE 1 


Electrode | Constituent of 
Electrode I 
Ul gaseous phase 
Pd Pd Hydrogen 90 
n- Heptane 135-145 
Cyclohexane 125 
Dekalin 200} - 165] 
Tetralin 155! - 125} 
Cyclohexanone 95 
Pd Al Hydrogen 100 
Cyclohexanone 280 
Cu Cu Hydrogen 135 
n- Heptane 175 
Iso- octane 155 
Al Al n- Heptane 260 
Cyclohexane 385 
Benzene 400 
Dekalin 2601- 2001 
Cyclohexanone 145 


The ionization in question depends strongly on the nature of the electrode material, It follows that the 
ionization process must be taking place on the surface of the metal, In addition, this type of ionization also 
depends on the nature of the gas (see Table 1), From this it follows that the process must be taking place within 
the layer of molecules adsorbed on the metal, The experimental results cannot be explained by the physical 
surface effects already known, since phenomena like the Richardson effect, thermionic emission, as well as the 
release of secondary electrons during bombardment of surfaces with charged particles take place at a considerably 
higher temperature, Also the phenomenon cannot be explained by the type of ionization observed in chemical 
surface processes and in adsorption phenomena since in this case the degree of ionization should decrease with 
time and the process should cease when the surface would be completely covered by the adsorbed layer, How- 
ever, in our case no decrease of the current with time could be observed (in the experiment with hydrogen and 
Pd-electrodes at 360° the current remained constant over a period of 45 minutes), The fact that the degree of 
ionization was greater the more saturated the Pd- electrode was with hydrogen, is also evidence against the 
hypothesis which assumes that ionization in this case is conditioned by adsorption, We are thus confronted by 

a new effect, namely, the thermal ionization of adsorbed molecules and the release of the ions into the gaseous 
phase at a low temperature, 


The electrons left on the electrode rapidly escape into the bulk of the metal and, consequently, under 
these conditions of ionization no equilibrium exists, Since the process is a stationary one, the current is deter- 
mined by the rate of ionization of the adsorbed molecules, The ionization energy barrier in the adsorbed layer 
will be lower than in the gas since the ionization potential of the molecules in the gas will be reduced by the 
work function 9, In fact, the observed degree of ionization decreases in the series 


Pd >Cu>C>Al (1) 


(see Table 1 and Experiments with charcoal), and it is also in this order that the value of 6) decreases for these 
solids; according to Michaelson [2], the values of @g for Pd, Cu, C, Al are, respectively, 4.82, 4.47, 4.39, and 

3.74 v, However, this decrease is still insufficient for an adequate explanation of the effect observed since, for 
example, for hydrogen $9 = 15.4 v and for Pd it equals 4,82 v; the difference of 10.6 v (i.e., approximately 240 kcal) 
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is still very large, Since the rates of these processes are determined not only by the value of the energy barrier 
but also by the entropy factor, it must be concluded that in the case of the processes observed the entropy factor 
is very large. 
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Fig. 4. a) Dekahydronaphthalene, Electrodes: 1,2) Pd/Pd; 3,4) Al/Al, 
b) Tetrahydronaphthalene, Electrodes: 1) Pd/Pd3 2) Pd/Pd, repeat experiment, 
c) Cyclohexanone, Electrodes: 1) Pd/Pd, 2) Al/Al, 


The hysteresis observed in the case of tetralin and dekalin may be due to a stearic factor; owing to the 
complexity of these molecules the electrons colliding with the ions are not immediately captured in the same 
positions from which they were originally released and, as a result, recombination is retarded, 


It is very important to note that the series (1) runs parallel with the series which characterizes the catalytic 
activity of metals in hydrogenation and dehydrogenation reactions, The effect observed takes place within the 
same range of temperatures as the catalytic reactions just mentioned. 


This novel effect, the existence of which has been demonstrated by this investigation, is of importance in 


catalysis, It has not been discussed in existing electronic theories of catalysis, but there is no doubt that it must 
be taken into account in the theory of catalytic processes, 


Further investigations will be undertaken in due course, 
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HEAT OF ADSORPTION OF BENZENE AND HEXANE VAPORS ON QUARTZ 


A. A. Isirikian and A, V. Kiselev 


(Presented by Academician M, M, Dubinin, August 10, 1957) 


The investigation of adsorptive properties of quartz is of interest because of its similarity to a wide class 
of highly disperse porous adsorbents— the silica gels — with respect to the chemical structure of the surface [1-4]. 
The investigation of adsorption of benzene and hexane vapors on quartz as well as on other nonporous hydroxides 
is interesting also because the energy of adsorption of benzene represents, evidently, not only the energy of inter- 
action due to Van der Waals’ forces, but also the additional energy due to hydrogen bonding with the hydroxyl 
groups on the surface; on the other hand, the energy of adsorption of hexane is due to Van der Walls forces only 
[5&7]. Finally, investigation of adsorption and of heats of adsorption of vapors on quartz is also of interest in 
connection with the determination of the dependence of the thickness of polymolecular adsorbed films on the 
telative vapor pressure p/p,, as well as the dependence of the energy ef adsorption on the thickness of the ad- 
sorbed film; for investigations of this kind it is necessary to use comparatively coarse nonporous adsorbents in 
order to avoid complicating the adsorption process by capillary condensation right up to high values of p/pgs. 


No direct determinations of heats of adsorption of these hydrocarbons on quartz have been carried out, 
In papers [8, 9] the isosteric heats of adsorption of benzene vapors on quartz have been calculated, However, 
the results cannot be easily correlated because of their inaccuracy due to the small specific surface areas of the 
quartz samples used, as well as due to different conditions of preparation and thermal pre-treatment of the samples, 


In the present investigation the authors have determined adsorption isotherms and differential heats of 
adsorption of benzene and n-hexane vapors on quartz powder right up to saturation point; the apparatus used was 
the calorimetric adsorption apparatus described in a recent paper [10], The specific surface area of the quartz 
powder was 6.0 m*/g, as determined by nitrogen adsorption [11]. This sample was also used previously in the in- 
vestigation of heats of adsorption of methanol vapors [12]. In order to remove the products of the reaction of 
methanol with the surface of quartz the latter was repeatedly washed with water, the wash liquors being decanted, 
and the wet powder was then dried at 130°, The dry powder was then placed in the calorimetric tube and was 
evacuated at 200° in the apparatus mentioned, The hydrocarbons were used in the manner described previously 
(10, 13), 


In Fig, 1 are plotted the absoiute adsorption isotherms for hexane and benzene vapors, a being the amount 
adsorbed per unit surface area, In the case of benzene the isotherm was determined right up to saturation point, 
The isotherms are reversible up to values of p/p, of » 0.9 and possess the S~shape characteristic of adsorption on 
nonporous adsorbents, At higher values of p/ps there was obtained a distinctly reproducible hysteresis loop re- 
sulting from capillary condensation in the gaps between quartz particles which have coalesced during the drying 
process and have formed a compact deposit on the discs of the calorimetric tube, The pore volume distribution 
curve plotted in the upper part of the diagram and calculated from the desorption branch of the isotherm, shows 
that the majority of the interstices had a diameter varying from 1,000 to 7,000 A, These dimensions approximately 
correspond to the particle dimensions of the powder, as determined from electron- microphotographs, As the re- 
lative pressure p/p, increases from the onset of hysteresis up to saturation point the surface area of the adsorbed 
film disappears [14, 15], i.e., an area of s' ws 4 m?/g, or about 0.7s, Thus, the reduction s° as a result of the re- 
versible nature of capillary condensation up to the point where hysteresis begins [14, 16], amounts to no more 
than 0.3 s and adsorption over the middle range of p/p, may therefore be regarded as uncomplicated by capillary 
condensation, 
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In Fig. 1 we have plotted, for comparison, adsorption isotherms of the same vapors on silica gel KSK-2 
of uniform wide-pore size [10, 13], It will be seen that the branch of the cutve corresponding to desorpzion 
begins to drop steeply around a relative pressure of 0,7. In this region of relative pressure adsorption on quartz 
is still relatively free from any appreciable complication due to capillary condensation in the interstices between 
the particles; for this reason the absolute adsorption isotherm of benzene and hexane vapors on quartz may be 
used to determine the thickness of the adsorbed layers which is necessary in applying corrections in the dimen- 
sions of pores of silica gels as given by Thompson's formula [15, 17], In the case of silica gels of uniform pore 
size the drop of the desorption branch of the curve takes place over relatively narrow range of p/p, within which 
the thickness of the adsorbed film on quartz varies to a negligible extent, Therefore, in order to determine the 
true dimensions of the orifices of pores of silica gels having the structure of an array of uniform globular particles 
[16], It is sufficient to add to the diameter obtained by Thompsor’s formula for the maximum of the pore volume 
distribution curve, twice the thickness of the adsorbed film on quartz determined from the isotherms of Fig. 1 
at the corresponding value of p/p, [15]. 
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Fig. 1, Absolute adsorption isotherm of n-hexane vapors on quartz (1), 
silica gel KSK-2 at 650° (2) and mineral silica (3), and of benzene on 
quartz (4) and mineral silica (5), The dots denote desorption, Isotherms 
on which no experimental points are shown are those for hexane (6) and 
benzene (7) on silica-gel KSK-2 at 200°, Top right-hand corner: pore 
volume distribution curve in quartz powder in relation to pore diameter, 


In the initial region of the completion of a monomolecular film adsorption on quartz is greater than on 
silica gel KSK- 2 which has been heated at 200° [13], an effect which is, in the main, due to the lesser compact- 
ness of the structure of such a silica gel, From Fig, 1 it will be seen that after heat treating this silica gel at 650° 
[7] the amount of hexane adsorbed on it is very close to that adsorbed by quartz, and the same applies to silica 
obtained by ignition of organosilicon compounds [6], Adsorption of benzene also depends strongly on the degree 
of hydration of the surface of silica 6, 7], From Fig. 1 it will be seen that adsorption of benzene on ignited 
silica obtained from organosilicon compounds approaches very closely adsorption on quartz when the surface of 
such silica powder has been hydrated [6], The adsorption isotherm of benzene vapor on quartz is well expressed 
by the BET equation which gives the volume of the compact monolayer as ap = 3.35 p mole/ m*which corresponds 
to an area wy = 1/ Am 249 A for the area occupied by a benzene molecule, a value also obtained from adsorption 
on silica gel (10, 7]. 
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In Fig. 2 is illustrated the dependence of the heat of adsorption of benzene vapors, Q,, on the absolute 
adsorption, a, on quartz, From the diagram it will be seen that when the first two layers are complete the 
heat of adsorption exceeds the heat of condensation by only 3% while after the adsorption of another two layers 
the excess amounts to 1%, The further decrease of the heat of adsorption is very gradual; this is due to the de- 
crease in the energy of adsorption with increasing distance from the surface of the adsorbent (increasing thickness 
of adsorbed film) and to some unavoidable diminution of the surface of the film at the points of contact between 
quartz particles, In the case of the bare smooth surface of quartz the heat of adsorption can only be less than the 
values indicated in Fig. 2 over the range stated, 
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Fig, 2, Dependence of the heat of adsorption of Fig. 3, Dependence of the heat of adsorption 
benzene vapor on quartz on the degree of surface of vapors of n-hexane on the amount adsorbed 
coverage, The dots denote desorption, The on quartz (1) and on silica (2) and (3), The 
horizontal broken line gives the latent heat of dots denote desorption, the broken line indicates 
condenstion L, The vertical broken line gives the the latent heat of condensation, 

monolayer adsorption capacity ap. 


In Fig. 3 is illustrated the dependence of the heat of adsorption of n-hexane on quartz on the absolute 
adsorption, In this case we again observe a gradual decrease in the heat of adsorption, The heat of adsorption 
of hexane on silica obtained by ignition of organosilicon compounds [6] is close to the value obtained on quartz, 
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Fig. 4. Dependence of heats of adsorption (upper diagrams) and de- 
sorption (lower diagrams) of benzene vapors on the relative pressure on 
quartz (1), wide-pore silica gel (2), fine- pore silica gel (3) and silica 
of nonuniform pore size (4), The horizontal broken line indicates the 
heat of condensation, 
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A more accurate and detailed investigation of the dependence of the heat of adsorption on monomolecular cover- 
age, using the constant heat transfer colorimeter [10], is difficult with powders with a surface area of less than 

10 m?/g, It is hoped that a more detailed investigation of this region of adsorbent coverage of quartz will be 
carried out later, 


Integration of the curve expressing the dependence of the actual heat of adsorption of benzene vapors, 
Qa— L, on a gives a value of 50-90 erg/cm®,* If to this value we add the full surface energy of benzene, 
68 erg/cm*, we obtain for the heat of wetting of quartz by benzene a value of 120-160 erg/cm’*, which is no 
more than 1,1 to 1,5 times larger than the heat of wetting of silica gel [13],** 


From Fig, 2 it will be also seen that the curve representing the differential heat of adsorption on quartz 
unlike similar curves obtained for silica gels of uniform pore size (10, 13, 18], has no maximum since the ad- 
sorption isotherm rises continuously and because the adsorbed liquid is not affected by capillary forces and its 
properties approach those of the normal liquid in a gradual manner, The differences in the heats of adsorption 
on approaching saturation are clearly seen in Fig, 4 in the case of adsorbents of all four structural types [15]. 

In this figure the dependence of differential heats of adsorption, Qa, and of the amounts adsorbed, a, on the re- 
lative pressure p/p, are juxtaposed for convenience of comparison, In the case of simple polymolecular ad- 
sorption on an adsorbent of the first structural type, such as nonporous quartz, the heat of adsorption approaches 
asymptotically the heat of condensation, In the case of an adsorbent of the second structural type, a wide pore 
silica gel, there occurs maxima representing heats of compression of the capillary-condensed liquid resulting 
from the action of menisci at the orifices of the pores [10, 13, 18]. In the case of adsorbents of the third structural 
type, such as a fine-pore silica gel, the maxima corresponding to the heats of adsorption and desorption are 
particularly pronounced as a result of the greater curvature of the menisci enclosing the liquids within the pores 
(10, 13, 18], Finally, in the case of adsorbents of the fourth structural type such as silica powder of nonuniform 
pore size, the heat of compression of the liquid within the pores becomes gradually superposed on the heat of 
disappearance of the adsorbed film within the pores, and the heat of adsorption is distinctly larger than the heat 


of condensation over the whole range of film thickness, In this case, however, the maxima are not well-defined 
(6). 
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INVESTIGATION OF HEAT EXCHANGE BETWEEN VIBRATING HEATING ELEMENTS 
AND VISCOUS LIQUIDS 


N. V. Kalashnikov and V,. I, Chernikin 


(Presented by Academician P, A, Rebinder, July 2, 1957) 


Heat transfer from fixed heating elements to liquids contained in vessels takes place by free convection 
which in the case of viscous liquids is very slow. One of the most effective methods of increasing the rate of 
heating of liquids is the application of vibrating heating elements in which case heat transfer is mainly effected 


by forced convection, 
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Fig. 1. Dependence of heat transfer coefficient a on vibra- 
tion conditions: a) Spindle oil+ kerosene; b) mineral oil 
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We have investigated the effect of vibration of heating elements on heat transfer in viscous liquids using 
an electric vertical vibrator provided with a horizontal cylindrical electric heater 1,98 cm in diameter and 
having an effective heating length of 28,2 cm. The amplitude of vibrations was varied within the limits of from 
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2a =1 to 4 cm, the frequency n from 100 to 1600 min“!, and the mean square vibration velocity, V = —— 


v2 
= = , from 4 to 134 cm/sec, The following liquids were investigated: a high-viscosity mineral oil 100 


(v = 66.2 cm?/sec) , automobile lubricating oil 18 (vy = 13,0 cm/sec), spindle oil ( 9) = 1.28 cm/sec), and 
a mixture of spindle oil and kerosene having a viscosity very close to that of diesel oil ( v » =0.17 cm*/sec). 
The following results were obtained (Fig. 1): 


1, In the absence of vibration (n = 0) the heat transfer coefficient ain the case of the mineral oil lies 
within the limits of 40 to 45 kcal/m? hr ‘deg at a temperature of trngan = 42°. When the vibration regime is 
such that 2a*n=3+1200 (¥ =134 cm/sec) a increases to 900 kcal/m?* deg, i.e., approximately 20 fold, 
In the case of the mixture of spindle oil with kerosene under these conditions a increases from 80-85 kcal/m?> 


*hr-deg to 2080 kcal/m?-hr- deg, i.e., approximately 24 fold, It is obvious, therefore, that causing heating 
elements to vibrate is a powerful means of intensifying heat transfer. 


2, Increasing 2a,n being kept constant, or increasing n, for 2a = const, leads to a considerable increase 
of a; consequently, a increases with increasing vibration velocity V¥. 


3, In the case of liquids of low viscosity the rate 


J20E 9a ‘tat fy at which q@ increases for ¥ = const, depends to a greater 

2460+ extent on the amplitude than on the frequency of vibration, 

1g0\- «4 a $e As the viscosity of the liquid increases the dominant role of 
| 60 moa the amplitude becomes less and less and is practically in- 

Ag Be significant in the case of liquids of high viscosity. 
/ 
7 al ee At a vibration velocity of 20 cm/sec and above free 
n° convection has practically no effect on the intensity of 
60 ha Be heat transfer from a vibrating heating element to viscous 
. liquids and heat transfer is effected entirely by forced 


Pe’. p08 -__. The evaluation of the experimental results in terms 


Fig, 2, Parameter Nu as a function of of parameters defining forced convection [1] led to the 


Pe pr (experimental results and following formula (Fig. 2s. 


theoretical straight line), a) Mineral 


= , —0,16 
oil 100; b) automobile lubricating oil 
The reference temperature in Equation (1) is = 


=0.5(t cater +tliq’mean* theater denotes the surface 

temperature of the heating element; t)jq is the temperature 
of the liquid and the reference dimension is the diameter of the heater tube d, Parameter Pe is calculated from 
the mean square vibration velocity V¥, Formula (1) can be applied to horizontal cylindrical heating elements 
vibrating vertically with an amplitude of 2a = 1 to 4 cm and with a velocity ¥ = 20 to 134 cm/sec, the values of 
the parameters Pe and Pr being (1.6 to 40) 10 and 1,4+10* to 1.5°10*, respectively. 


The resistance R of the heating element vibrating in a liquid is determined by the following parameters: 


for 0.5 < Re < 2, Eu =63 Re 2 
for 2< Re < 7, Eu = 28 Re °-82 
for 7 < Re < 100, Eu =11.5 Re™ 036 


where Eu = P , F= dl, 1 is the length of the heating element, 
LITERATURE CITED 
[1] M. A, Mikheev, Fundamentals of Heat Transfer, 1956 [In Russian]. 
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KINETICS AND MECHANISM OF OXIDATION OF ALCOHOLS AND ALDEHYDES 
BY ACTIVE CHLORINE 


I, K. Kozinenko and Academician E, A. Shilov (Acad. Sci. Ukr. SSR) 


Up to the present all investigations of the kinetics of oxidation by active chlorine have been concerned 
with cases in which the direct oxidation of an alcoholic or aldehydic group could become complicated by side 
reactions with neighboring functional groups, including enolization, This applies to acetaldehyde [1], glycollic 
aldehyde and glucose [2], lactic and other hydroxy acids [3], In this investigation the authors have used m- 
sulfobenzyl alcohol and m-sulfobenzaldehyde (sodium salts), both these compounds being of the type which 
facilitates observation of the oxidation of an alcoholic or aldehydic group by active chlorine in aqueous solutions 
without the complicating effects of any side reactions, 


100 200 400 ming 100 200 300 min 


Fig, 1. A) Oxidation of m-sulfobenzyl alcohol, 1) A =0.2 M, 
Cy = 0.00697 M, pH 7,02; 2) A =0.1 M, Cy = 0.00697 M, pH 
7.05, B) Oxidation of m-sulfobenzaldehyde, 1) A=0.1 M, 
Cy = 0.00516 M, pH 10,75; 2) A=0.05 M, Cy =0,00505 M, 
pH 10.80. 


Oxidation of m-sulfobenzyl alcohol, In preliminary experiments it was established that in the presence 
of a large excess of the sulfo-alcohol the negligible amount of active chlorine used up in the secondary oxida- 
tion of the aldehyde formed could be left out of consideration, 


At constant pH and in the presence of a large excess of m-sulfobenzyl alcohol the decrease in the titer 
of active chlorine (C), in buffered solution, can be expressed by the kinetic equation for unimolecular reactions, 
as is illustrated by the straight lines in Fig. 1, A, On the other hand, the rate of reaction is found to be almost 
exactly proportional to sulfo- alcohol concentration and at constant pH can be expressed by the equation: 
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dC 


where A is the alcohol concentration and C the concentration ofative chlorine. 


The dependence of the rate of reaction on pH may be studied from Fig, 2 where values of 1/ 2, i.e., the 
times necessary for the concentration of active chlorine to drop to half its initial value, are plotted against pH, 
Values of r/ 2 have been calculated for experimentally determined values of kg using the formula: 1/2= 
= 0,693/ kp. 


The maxima and the minima of this curve are, above 
all, conditioned by the composition of the solutions of active 
chlorine used, The reaction rate maximum over the pH range 
of 0-2, in the presence of different amounts of hydrochloric 
acid, is related to the existence of active chlorine in the 
molecular form (Cl), Using the velocity constant of hydrolysis 
of active chlorine, it can be found that already in a 0,1 molar 
solution of hydrochloric acid the concentration of free HOC] 
is very small and further increase in concentration of HC] 
hardly affects the concentration of As a result, 1/2 also 
remains constant at pH < 1, There is therefore no doubt that 
in strongly acid solutions molecular chlorine is the active 
oxidizing agent for m-sulfobenzyl alcohol, 


At pH values greater than 2.5 the rate of reaction de- 
creases rapidly with increasing pH and passes through a mini- 
mum at a pH of about 4, The exact minimum corresponds 
approximately to the existence of active chlorine in the form 
of free HOC1, The relatively low activity of this oxidizing 
agent is well-known also in the case of other reactions with 
active chlorine [2-4]. 


Fig, 2, Dependence of the rate of oxida- 
tion of m-sulfobenzyl alcohol (1) and 
m-sulfobenzaldehyde (2) on pH, 


With further increase of pH the rate of oxidation of m-sulfobenzyl alcohol increases, reaches a second 
maximum at a pH of about 7.5 and subsequently drops again becoming very slow at pH values greater than 10, 
Now, the concentration of HOC] in solutions of active chlorine continuously decreases as the pH increases be- 
yond 5, the HOC] molecules dissociating into OCI” ions [5] in accordance with the formula 


(HOGI = 


where K,,, is the electrolytic dissociation constant of HOC1, equal to 4,1* 10°* (2). 


The hypochlorite ion is, evidently, incapable of oxidizing the sulfo-alcohol since no oxidation takes place 
in strongly alkaline solution, Consequently, it must be hypochlorous acid which is the primary or intermediate 
oxidizing agent at moderate pH values, Parallel with this conclusion it must also be assumed that hydroxy] ions 
and anions of buffer salts have a catalytic effect on the reaction of HOC] with sulfobenzyl alcohol, 


If the velocity constants are related to the concentration of free hypochlorous acid and combined with the 
activity coefficient of the OH ion, agp” and the concentration of the anion of the buffer salt [An], the velocity 
of the reaction over the pH range from 4 to 10 may be expressed by the equation: 


dC 
— = A [HOCI]+ A [HOCI]-[An] + A [HOCK] (2) 
where kj = 2.2 10°; nia = 0.0234 for the acetate ion, 0,245 for the hydrogen phosphate ion and approximately 
zero for the carbonate ion, and 4 OH =1,3°10°, all in moles per liter per minute, 


The experimental results are summerized in Table 1 which gives values of kg actually measured and those 
calculated using the constants ky of Equation (2), It will be seen that agreement between experimental and cal- 
culated constants is satisfactory over a fairly wide pH range, 
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The most probable mechanism of the reaction under consideration appears to be that proposed previously 
by Shilov and Iasnikov [3] for the oxidation of hydroxy compounds, We suggest that oxidation of the alcohol 
proceeds through a stage involving the formation of an ester of hypochlorous acid: 


Ar — CH,OH + HOC! = Ar — 
— CH,OCI + H,O 

Ar — CH,OCI + OH- — Ar-CHO+ 
+ H,O + Cl- (a) 

Ar — CH,OCI + An-— Ar CHO + 
+ HAn + Cl- (IIb) 


The rates of both reactions are commensurate, At low pH values formation of the ester is rapid and the 
rate of reaction is limited by the rate of decomposition of the ester which increases with increasing concentration 
of the base, At high pH values the rate of oxidation is 
TABLE 1 determined by the rate of formation of the alkyl hypo- 
chlorite, Superposition of the rates of steps (I) and (I) 
wc] A 10° [An] | 10° Ry is responsible for the reaction rate maximum at a pH 
pH |mole |mole |mole/g | exp of about 7.5, 


m-Sulfobenzyl alcohol; 30° 


Since mathematical treatment of the results is 
difficult this discussion of the reaction mechanism must 
remain a qualitative one. However, in support of the 
hypothesis proposed it may be mentioned that there is 
an analogy between this reaction and the oxidation of 
alcohols by other oxidizing agents, for example, chromic 
acid and persulfates, in which case esters of the corre- 
sponding acids are also formed as intermediate products 
of reaction [6, 7]. 


Oxidation of m-sulfobenzaldehyde, The rate of 
oxidation of m-sulfobenzaldehyde at constant pH and 
0,4 in the presence of excess aldehyde can be expressed by 

7 the kinetic equation for unimolecular reaction (see 
Fig. 1, B). 


Oe 


The variation of the rate of oxidation with pH, 
in buffered solution, is plotted in Fig. 2 (curve 2), It 
will be seen that in the acidic range of pH— from 0 to 
5— the curve follows a similar pattern as in the case 
of m-sulfobenzyl alcohol, In strongly acid solution 
oxidation is effected by molecular chlorine, whereas 
Note, [An] is the concentration of buffer salt; the oxidizing power of hypochlorous acid is low, 

Ac is the acetate ion; Ph is the hydrogen Beginning at a pH of about 4 the rate of reaction in- 
phosphate ion; Ca is the carbonate ion; ky is creases at first, but, unlike the oxidation 

the velocity constant in Equation (1); ks is the of sulfobenzyl alcohol, it does not pass through a maxi- 
same constant referred to the concentration of mum, but reaches a constant value at a pH of 8 and 
HOC], remains unchanged right up to pH 13, As in the case of 
m-sulfobenzyl alcohol, anions of the buffer mixture 
catalyze the reaction, 


oO 


NCCC & 


ao 


The general kinetic equation of the reaction may be written in the form: 


— = A[HOCI] + A [HOCH [An] + A [HOC 


where kf=7+10°%; Kf ” = 0,053 for the acetate, 0,25 for the phthalate and 0,43 for the hydrogen phosphate ion, 


and Ke =7,6+10*, all units being in moles per liter per minute (see Table 1). 


— 

4,05 | 4,17 3,5| 3,4 — 
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8,91 | 4,64 33-109] 9,4 
9,85 | 4,25 17-402] 5,6 3 
12,85 | 4,14 
m-Sulfo 

33 | 46,5 | 33,5 


Equation (3) and the curve expressing the dependence of the rate of reaction on pH may be interpreted on 
the assumption that the reaction takes place according to the following mechanism: 


10) Cl 
Ar—C+H + O—H- Ar—C+H,0+4Cl- 


Hd- bu 


The OH ion may be substituted by the water molecule or by the anion of weak acids, The mechanism 
involving the hydroxyl ion has an analogy in the Cannizzaro reaction, the only difference being that in this 
case the hypochlorous acid molecule is the proton acceptor, 


In the case of the oxidation of para- and ortho-sulfobenzaldehyde the kinetic features are the same as in 
the case the meta isomer, Under the same experimental conditions the rate of oxidation of the para isomer is 


1,2 times faster and that of the ortho isomer between 5 and 7 times slower than the rate of oxidation of m- 
sulfobenzaldehyde, 


EXPERIMENTAL RESULTS 


m-Sulfobenzyl alcohol was prepared by reduction of sodium m-sulfobenzaldehyde with hydrogen over a 
platinum catalyst [8], m-Sulfobenzaldehyde was prepared by sulfonation of benzaldehyde with oleum [9], The 
sodium salts of the sulfonic acids obtained were purified by repeated recrystallization from water and alcohol, 


Solutions of active chlorine were made up in a blackened flask into which reagent solutions, warmed to 
30 + 0,05° in a thermostat, were transferred by means of pipettes, Samples were withdrawn by means of a con- 
stant level pipette [2], Active chlorine was determined iodometrically, the pH was measured potentiometrically 
with an accuracy of 0,05, using a glass electrode, Reactions in acid solution were carried out in a special appara- 


tus which prevented the escape of chlorine, The correction for spontaneous decomposition of hypochlorite was 
omitted because it is very small [2], 
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THE INFLUENCE OF STRUCTURAL FEATURES AND SURFACE PROPERTIES 
ON THE EXTRACTION BY FROTH FLOTATION OF LEAD MINERALS 
DIFFICULT TO FLOAT 


E. A, Anfimova, V. A. Glembotskii, 
Corresponding Member AS USSR I, N, Plaksin, and A, S, Shcheveleva 


Of the large number of oxidized lead minerals found in nature which are of importance industrially, 
several [cerussite PbCOg, anglesite PbSQ,, wulfenite PbMoQ, and to a certain extent vanadinite Pbg(VO,);Cl) 
are comparatively easily extracted by froth flotation, 


There are no satisfactory methods in contemporary ore dressing practice, however, for the extraction of 
a number of oxidized lead minerals of complex composition, such as pyromorphite Pbs(PO,)3Cl, mimetesite 
(ASQ,4)sC1, beudantite PbFes(ASO,) (SO,) (OH), and plumbojarosite PbF eg (SO,), (OH); 2. 


Systematic incomplete extraction of oxidized lead minerals in ore dressing plants leads to considerable 
losses of lead in the process of concentrating mixed and oxidized lead ores, 


The complex chemical composition and structure of the minerals mentioned distinguishes them sharply 
from the minerals which respond readily to treatment with the flotation and extraction reagents normally em- 
ployed on the industrial scale, 


In this connection we have made an attempt to explain the unsatisfactory results obtained in the extraction 
of pyromorphite, mimetesite, beudantite and plumbojarosite on the basis of an examination of the features of 
their crystal chemistry and surface behavior toward water and a number of flotation reagents, so that as a result 
of such investigations it may be possible to find the most efficient methods for extracting the minerals in question, 


We first of all calculated the crystal lattice energies of the lead minerals under study (by Fersman's 
method),* As can be seen from the data given in Table 1, the values of the crystal lattice energy for cerussite, 
anglesite and wulfenite (Group I) differ comparatively little from one another, 


TABLE 1 


Crystal lattice energy, kcal 
Group Mineral po related to unit 
cation valence 


311,16 


Cerussite 622,32 


Anglesite 596.71 298,36 
Wulfenite 571.10 285.55 
Vanadinite 3290.80 329.08 
Mimetesite 335 2,35 335,23 \ 
Pyromorphite 3329.30 332,93 
pang Beudantite 5513.83 501.80 


Plumbojarosite 10169,73 508.49 


* We have related the value of the crystal lattice energy to unit cation valence, 
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The minerals of Group Il, which may be taken to include mimetesite, pyromorphite, and vanadinite, are 
distinguished by high lattice energy values, 


The highest values for the crystal lattice energies are shown by beudantite, mimetesite, plumbojarosite, 
and pyromorphite, The data given already provide a guide to the evaluation of the flotation properties in 
relation to the ability of all the minerals listed to interact with the reagents, 


Our studies have shown that the flotation properties of the minerals in question and their tendency to 
interact with reagents correspond with the calculated values of the crystal lattice energies, Thus, for example, 
it has been established that the efficiency of the treatment of oxidized lead minerals with sodium sulfide de- 
creases on going from minerals of Group 1 to minerals of Groups Il and II, Plumbojarosite shows the highest 
crystal lattice energy value, 


This feature of plumbojarosite corresponds to the fact that it is completely unaffected by sodium sulfide, 
and no sulfidization takes place even at increased temperature, Under similar conditions cerussite and anglesite 
show a very active interaction with sodium sulfide, 


We have established the particular features of the interaction with sodium sulfide and xanthates and the 
corresponding suitability for flotation treatment for cerussite and all the other oxidized lead minerals under 
study, using the radioactive isotope method, a method involving the measurement of the time of adhesion of 
an air bubble with an electronic apparatus constructed by one of the authors {1], and also, in almost all cases, 
by direct experimental flotation of the minerals under various conditions, It was established in all these ex- 
periments that the efficiency of the sulfidization of the lead minerals studied and of the process of rendering 
their surfaces hydrophobic by the action of xanthates (both in the case of the independent use of the latter and 
also in combination with preliminary sulfidization), in almost all the experimental series studied, decreased in 
the following order: cerussite, anglesite, wulfenite, pyromorphite, mimetesite, beudantite, plumbojarosite, i,e., 
changes practically in accordance with the increase in the value of the crystal lattice energy. 


This relationship between the flotation and sulfidization properties on the one hand and the value of the 
crystal lattice energy on the other shows that as it increases there is an increase in the energy of the bond between 
the surface of the mineral and the dipoles of the water together with an increase in the stability of the hydrate 
layers covering the surface of the mineral particles with the collectors which prevent interaction between the 
mineral and the flotation reagents, The essential data for estimating the adsorption and flotation activity of the 
minerals being studied may be obtained on the basis of an examination of the crystallochemical and structural 
features of these minerals, Thus, for example, the cerussite lattice [2] has mainly a planar structure while the 
bonds are directed parallel to one another in the absence of a three-dimensional configuration, 


These features of the cerussite lattice create favorable conditions for replacement of the ions of the lattice 
by other ions and for the introduction into the lattice of ions of the flotation reagents, This is all in good agree- 
ment with the adsorption and flotation features of cerussite, The distinct cleavage along the (110) and (021) 
planes and the very poor cleavage along the (010) and (012) planes indicates that when the cerussite is crushed 
a considerable number of lead ions, which are active toward the flotation reagents, are exposed, Anglesite is 
characterized [2] by a more compact packing of the atoms and has to a greater extent a three-dimensional 
rather than a planar configuration; this results in less favorable conditions for interaction with flotation reagents 
(as is observed in practice), 


In the series of anions , SOQ, , and the ionic radii increase from COs to MoQy It is 
known that for ions with the same charge, the polarizability of the ions increases with increase in the ionic 
radius, when the ions as it were approach one another and bunch together, which leads to an increase in the 
stability of the crystal lattice and explains the reduction in the extent of the interaction with flotation collectors 
in the series from cerussite to wulfenite (together with the other crystallochemical features of these minerals 
described above), 


The minerals of Group Il are characterized by a crystal lattice structure of the apatite type [3]. Besides 
the high lattice energy values already referred to, these minerals have close-packed atoms and a high coordina- 
tion number (the number of nearest neighbors is six) so that the lead in this case is firmly bound to neighboring 
atoms; the cleavage is poor, 


All this explains the low tendency of the minerals of Group II to interact with flotation reagents, 
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The crystal structure of plumbojarosite has been insufficiently studied, but on the basis of the data available 
in the literature it can be seen that the structure of this mineral shows the presence of very short stable bonds, 
which together with the exceptionally high crystal lattice energy values for the mineral result in a very marked 
inertness toward fiotation reagents and collectors, 


Flotation experiments, and experiments using radioactive isotopes, have established that the alkalinity of 
the pulp has a considerable influence on the flotation properties of the minerals under study, evidently by in- 
fluencing the hydration properties of the surface, 


A change in the alkalinity of the medium causes a change in the strength of the forces holding the flotation 
reagent to the sulfidized surface of the mineral, 


An alkaline medium is the optimum medium for cerussite (pH 8.5 - 9.5) and wulfenite (pH 8.0 - 8.5). 
For anglesite a weakly alkaline medium is preferable, A neutral medium is best for pyromorphite and vanadinite, 
Mimetesite and beudantite are floated in a weakly acid medium (pH 5,5 - 6.0), Thus, the alkalinity of the pulp 
in the flotation of oxidized lead minerals which have been subjected to a sulfidizing process should be adjusted 
in accordance with their mineralogical composition, 


All the minerals indicated require different sulfidization conditions, the duration of the sulfidizing treat- 
ment increasing on going from minerals of Group I to minerals of Group Il, Plumbojarosite cannot be sulfidized, 
Experiments have established, however, that phosphothene* can be used for the flotation of plumbojarosite. 


The following materials may be used as new and efficient flotation reagents for the flotation of oxidized 
lead minerals which are difficult to concentrate: phosphothene, petroleum, motor oil and semi-asphalt, together 
with xanthates, 


The authors wish to express their gratitude to Academician N, V, Belov and Professor G, B, Bokii for their 
valuable advice, which has proved of assistance in the present work, 
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A STUDY OF THE CHANGES IN THE TRANSFERENCE NUMBERS OF IONS 
AND THE SUSPENSION EFFECT IN LIQUID SUSPENSOID SYSTEMS 


O, N. Grigorov and lu, M, Chernoberezhskii 


(Presented by Academician P, A, Rebinder, November 25, 1957) 


The change in the transference numbers of ions in various capillary systems, including those with a rigid 
skeleton and also powder systems composed of separate particles in contact with one another, has been observed 
and studied by many workers [1], This phenomenon may be explained by the existence of an electrical double 
ionic layer at the boundary separating the phases and the participation of the ions entering the layer in the pro- 
cess of current transfer across the capillary system, A similar phenomenon has been observed for solutions of 
high- molecular compounds and, in particular, A, 1, Iurzhenko [2] has shown that in the case of gelatin, the 
transference numbers of the chloride ion in gelatin remain practically constant, irrespective of whether the 
gelatin is in the form of a gel or a sol (in the molten state), This indicates that the method by which the structure 
in the solution is established — whether by mobile particles (large molecules in the case of gelatin) or by an 
immobile compact skeleton— may have no essential part in determining the change in the transference numbers, 


50 % % 


disperse phase disperse phasé 


Fig, 1, The relationship between the change in the 


Fig. 2, Curves showing how the structural 


transference numbers in quartz and bentonite sus- viscosity and the transference number for 
pensions and the quantity of disperse phase, bentonite suspensions varies with the quantity 
I- IV) Quartz, with particle sizes: I) 6-10 y; of disperse phase, I) Pt: (P is pressure in 
Il) 3-6 p; Il) 1-3; IV) < 1 m3 V) bentonite, millimeters of water, tis time in seconds); 


509) A No} 


It follows from this that in suspensions of irreversible colloids (suspensoids) the change in the transference numbers 
of the ions may also take place in the case of a stable suspension of appreciable concentration, We may also 
regard the space between the particles as a system of pores, albeit a mobile system, 


The suspension effect, which was discovered and studied first of all by Wiegner and Pallman [3], has 
attracted the attention of many workers, particularly in recent years [4-9], The essential feature of this phenomenon 
is that the pH of a suspension is not in general the same as that of the ultrafiltrate or centrifugate separated from 
it. The difference in the pH values increases with increase in the concentration of the suspension, and the 
direction of this change depends on the sign of the charge on the particles of the solid phase, When the 
particles have a negative charge, the pHof the suspension is less than that of the ultrafiltrate; when the particles 


are positively charged the opposite is true, Although there are different points of view 
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regarding the nature of this phenomenon, the majority of authors explain the observed facts on the basis of a 
Donnan equilibrium, by which it is possible to explain satisfactorily the chief results of the measurements, An- 
other point of view has been put forward in explanation of the cause of the suspension effect by Jenny, Nielsen, 
Coleman, and others [5]; they consider that the cause of the suspension effect is the high diffusion potential which 


arises in the measurement of the activity of ions (in particular, pH) at the boundary between the KC] salt bridge and 
and the suspension, 


Overbeek [10] has made a comparison of the Donnan EMF and the suspension effect, and says that they are 
identical, He reaches the conclusion that the Donnan potential measured experimentally is made up of the 
difference in the potentials between the suspension and the solution, i,e,, a membrane potential and two diffusion 
potentials, and that the classical equation for the Donnan EMF is incorrect, if the mobility of the counter ions is 
influenced by the suspended particles, This error is probably real in those cases where the particles have no 
appreciable charge, The aim of the present work was to examine the relationship between the change in the 
transference numbers of ions with liquid suspensoid diaphragms on the one hand and the quantity of disperse phase 
in the suspension and the degree of dispersion of its component particles on the other, and then to find the connec- 
tion between the changes in the transference numbers of the ions and the observed magnitudes of the suspension 
effects, The materials chosen for study were bentonite from the Oglavlinskii deposit and quartz powder graded 
according to size by elutriation into a number of fractions, The results of the experiments on the measurement 


of the transference numbers of ions* in bentonite and quartz suspensions in 0.01 N KCl solutions are given in 
Fig. 1. 


It can be seen from Fig, 1 that with increase in the con- 
H 


centration of the disperse phase the transference numbers of the 

Cl ion in the suspension is decreased, i,e,, in other words, the 
transference number of the K* cations is increased, which is in 
accordance with the negative sign of the charge on these particles, 


co 


TABLE 1 
Suspension Effect For Quartz Suspensions 
of Varying Particle Size 


7 
6 
4 
3 
2 
/ 


Disperse pH of the | pH of the 
phase, % suspensions! centrifugate 


Particles smaller than 1p 


5,96 
5,44 
disperse phase Particles 1-3 


Fig, 3. The influence of the concentration 
of bentonite and quartz suspension on the 
magnitude of the suspension effect (aj4): 
I) for the bentonite suspension; I) for Particles 3-6 
the bentonite centrifugate; II) for the — 
quartz suspension (< 1 4); IV) for the 5,30 
quartz centrifugate, Particles 6-10 yu 


* The measurements of the transference numbers of the Cl ion were carried out analytically using a method 
which has been employed in a number of studies in the Leningrad State University Department of Colloid 


Chemistry [1], with an apparatus of slightly modified construction adapted for measuring the effect in liquid 
media, 


= 
cm J 1,2 5,80 5,80 
aka 2,3 5,70 5,80 
8,8 ante 5,80 
> 5,80 
a 2,4 5,48 5,46 
3146 
5,98 
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Increase in the degree of dispersion of the particles also leads to a reduction in the transference numbers 
of the Clion, The bentonite suspension, with finer particles than the quartz fraction, but with a g- potential of 
the same order as that of the quartz, gave a considerably larger transference number change, 


In order to examine the influence of structure- formation in the suspension on the transference number 
change, the structural viscosity was measured, and the results of these measurements for bentonite are given in 
Fig, 2, The shape of the curves shows that in this case the structure is not a determining factor in the change 
of the Cl ion transference numbers, since otherwise the shape of the curves would be identical, 


Figure 3 gives data from measurements of the H-ion activity ajy using a glass electrode in suspensions and 
centrifugates for bentonite and quartz (the fraction with particle size less than 1p), For quartz and bentonite a 
linear relationship is observed between the increase in the H-ion activity of the suspension and the increase in 
the percentage of disperse phase, as has been observed earlier by other authors, 


Data showing the influence of the concentration of the disperse phase and particle size on the suspension 
effect are given in Table 1, 


It can be seen from the table that for the quartz fraction with particle diameter 3-6 yu, practically no 
suspension effect is observed, even at a disperse phase concentration of 67%, whereas for quartz with particle 
diameter < 1 y at a concentration of 40% the effect amounts to approximately 0.4 pH units, 


The data presented thus show that fine suspensoid systems may change considerably the transference 
numbers of ions, and that this change, which increases with increase in the concentration, is directly related to 
the suspension effect, 
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CONDUCTING A TOPOCHEMICAL DIFFUSION PROCESS AT A CONSTANT RATE 


P, Dobychin 


(Presented by Academician A, N, Terenin, November 23, 1957) 


The chemical decomposition of solids, accompanied by the formation of a porous layer of solid products 
on their surface, is frequently retarded by diffusion of the reacting substances through this layer into the reaction 
zone, Among such processes can be included the oxidation of a number of metals, the burning of a high- ash 
fuel, the burning out of coke from aluminosilicate cracking catalysts, the leaching out of melts, the obtaining 
of porous glass by the action of acids on soda-borosilicate glass, and a number of others, In those cases, where 
the determining stage of the process is diffusion in a porous layer, the concentrations of reacting substances in 
bulk (solution, gas) and at the external surface of the porous layer manage to become equal and do not differ 
between themselves, 


We will introduce the terms: D is the effective diffusion coefficient of a reactant in the porous layer of 
products; h is the thickness of the porous layer of products; x is the flow coordinate along the thickness of the 
porous layer (0< x <h); dc/dx is the concentration gradient of the diffusing substance; dm/dt is the reaction 
rate; t is the time; M is the stoichiometric coefficient, equal to the amount of reactant consumed in the 
formation of 1 cm’ of porous layer; k is the velocity constant of the chemical reaction; cy is the effective 
concentration of reactant at the boundary porous layer— unreacted layer; and cy is the bulk concentration of 
reactant in the gas (or liquid) phase at the external boundary of the porous layer, 


According to Fick's second law 


de 
at 


d’c 


limiting conditions: 


x=0, (2); (2) 
Ca== 0. (3) 


x=h, 


Under the conditions of the established process the value of the diffusion stream of reactant through the 
porous layer toward the reaction zone is equal to the reaction rate: 


dm dh 
(co). (4) 


An exact solution of the problem for the case co, t = const, given by L, A, Vulis [1], can in many cases be 
replaced by an approximate solution under the limiting conditions, A quasi-stationary process usually exists at 


Co, t = const 


A quasi- stationary condition means that although c)/h decreases with increase inh, the dc/dx gradient is 
practically constant at any given moment along the whole layer, Hence, considering (4) and (5), 


in 
= 
= p™ (1) 
dx? 
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The so-called “quadratic” (or “parabolic") rule, discovered by Tammann [2], follows from (6) 


2¢oD 
h? = (7) 

The rate of the process varies, As the thickness of the layer increases the concentration gradient decreases, 
and consequently so does the effective concentration, being the result of establishing a mobile equilibrium in 
the reaction zone at the boundary of unreacted solid, As a result, with a constant concentration of the reactant 
in bulk, its effective concentration in the reaction sphere during the process will fall and the chemical condi- 
tions for forming a porous layer of products will change, This situation, not attracting attention, appears in the 
schistose structure of porous glasses [3, 4], externally having an appearance reminiscent of Liesegang rings. 
Hence, the problem arises of how to assure a constancy of reactant concentration in the reaction zone during the 
process, which should automatically lead to its progressing at a constant rate, not changing as the porous layer 
grows, The problem consists in finding such an equation for expressing changes in the concentration of the 
reactant in bulk (gas or solution) as a function of time f(t) as will assure fulfillment of these conditions, 


An exact solution is associated with a number of difficulties and its derivation seems impractical after 
the problem has been solved by the method of approximate solution and experimental verification, 


We will now return to the approximate solution, According to the condition 


= A= const, 


dt 


from which 
h=At, 
Substituting (5), (8), and (9) in the limiting conditions (2) and (4), we find the sought function: 


Cot = Bt. (10) 


Thus, the condition for a constancy of the rate of the process and of the effective concentration in the 
reaction zone is a linear increase in the bulk concentration of reactant during the process, 


From (10) it can be seen that the rate at which the porous layer is formed (A = dh/dt) increases proportionally 
to the square root of the rate of increase in the bulk concentration (B) of the reactant, The obtained result is 
associated with the following basic assumptions: a quasi-stationary status of the process and a linear distribution 
of the reactant concentration in the porous layer, and also an independence of the porous structure of the layer 
of products and its thickness, or, more accurately, a practical constancy of the effective coefficient of diffusion 
through the thickness of the porous layer also during the time of the process, It should be especially emphasized 
that these same assumptions also lie at the base of the “parabolic” rule, compliance with which by a large 
number of processes is convincing proof that these conditions are actually fulfilled experimentally, 


As follows from the "parabolic" rule, the time required to establish diffusion equilibrium and a quasi- 
stationary regime is a value of the order of h?/D, The distance in which the concentration equalizes in a given 
length of time will have a value of the order of YDt. and should be large in comparison to the distance h = At, 
through which the reactant should diffuse, from which 


(11) 


On reaching this time, the found simple rule (10) should no longer be obeyed, 


From (10) and (11) it follows that the maximum permissible bulk concentration (Cp , = Bt) of reactant 
should be less than the mass stoichiometric coefficient M, the maximum permissible rate of increase in con- 
centration B less than the quotient of M divided by the complete time of the process t, during which a porous 


(6) 
4 
(8) 
be ( ) 
j 
ay 
& 
: 
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layer of thickness h manages to form on the solid, while the maximum thickness of the porous layer is 
AM b (12) 
A convenient subject for experimentally verifying the validity of the obtained results was the preparation 
of porous glass by the leaching of soda- borosilicate glass Na = 7/23 (composition in mole %: Na,O 7, BO; 
23, SiO, 70) in acid, 


TABLE 1 


Expt. | e uiv Aiin, | 


exptl, calc, 


1,07 0,0112/0,0055 
0,516 0,0074/0,0050 


1,20-1,33} 1,37 


The values of D, needed for preparing the experiments, were calculated according to Equation (7) from 
the data of the experiments performed by O, S, Molchanova, Z, G, Slavianskii, and A. V, Kruglova on the 
kinetics of the growth of a porous layer on glass Na = 7/23 in its leaching in acid solutions of a constant con- 
centration, For temperatures of 24 and 25° and sulfuric and hydrochloric acid solutions ranging from 0,1 to 3N 
the values of D varied from 0,00013 to 0. we cm */hout, From the composition of the original glass and the 
porous glass we calculated M = 4,71+10° * equiv/cm *yhr. 


equiv/liter 


8 12 6 20 & hours 


Fig, 1, Kinetics curves of the experiments progressing by a 
linear regime, 1) h(t), Expt. 1; 2) h(t), Expt, 2; 3) c(t), 
Expt. 1; 4) co (t), Expt, 2, 


Starting with all of the obtained values of D (from 0.000038 to 0.114 cm*/hr) and with the values of A 
(from 0.005 to 0,04 cm/hr) derived from the experimental data, we calculated with the aid of Equation (10) 
the necessary values of the rate of increase in the concentration of acid B (from 0.000012 to 0,70 equiv/cm’. 
‘hour), Assigning different times for the length of experiment (from 5 to 72 hours), we determined that the 
limiting permissible values of B range from 0.000065 to 0.00094 equiv/cn? «hr, 


For the experiments at room temperature with sulfuric acid, on the assumption D = 0,001 - 0,005 cm *yhr 
and A =0,01 cm/hr., we obtain B = 0.000094 - 0.00047 equiv/em*+hr andh < 0,1- 0,5 cm, 


The experiments were run at room temperatures on polished specimens of glass Na = 7/23, A calibrated 
microscope was used to measure the thickness of the porous layer during the leaching process, A linear increase 


1 
1,44 | 1,54 ae 
met 
Q2 
= 
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in the acid concentration was achieved by the continuous dropwise addition of concentrated sulfuric acid from a 
pressure regulated graduated cylinder into various amounts of vigorously stirred distilled water, The results of two 
such experiments are given in Table 1, As can be seen from the kinetics curves for h (t) and cg (t) of the two ex- 
periments (see Fig. 1), for the first several hours the thickness of the porous layer actually does increase at a con- 
stant rate, Then the rate of the process, as was to be expected, decreases, It is interesting to mention that the 
first semitransparent layer ("stratum") appears at the moment the linear regime ceases and is linked to this de- 
crease in the rate, In accordance with (10), the rate of leaching by a linear regime increases in direct proportion 
to the square root of the rate of increase in the concentration, 


The experimentally observed ratio of the layer thicknesses, worked out in accordance with a linear regime 
(hg }{n/hy lin = 1.20-1,33), is in quite good agreement with the value 1,37, calculated from the approximate ratio 
hglin/hy lin ~ A By/A4Bg, deriving from Equation (12) with some simplification of the assumptions, 


The author wishes to thank O, M, Todes for his valuable advice and criticism in writing this paper, 
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ADSORPTION OF SULFUR BY IRON FROM ACID HYDROGEN SULFIDE SOLUTIONS 


Z. A. lofa 


(Presented by Academician A, N, Frumkin, December 12, 1957) 


The study of the mechanism by which hydrogen sulfide promotes or inhibits the corrosion of iron in acid 


solutions in the presence of some organic compounds [1] leads us to consider the problem of measuring the amount 
of sulfur adsorbed by iron from these solutions, 


The amount of adsorbed material was measured by using the method of radioactive isotopes, Iron sulfide 
was prepared from radioactive sulfur (S®) and iron powder; it was then decomposed by H,SQ,, and the resulting 
radioactive HS was transferred into a 0.1 N NaOH solution by a current of hydrogen, We thus obtained a 0,05 
to 0.7 N Na,S‘solution, Plates of chemically pure (Hilger) or Armco iron were degreased and placed for a given 

period of time into an H,SO, + Na, solution, then taken out, 
TABLE 1 washed with distilled water and dried. The experiments 
Adsorption From A 0.1 H,SO,* Solution showed that the corroding solution is completely removed 
Cana al Wacation ol r after three minutes washing; the washing was continued for 
Na,S, in N |absorption, /8~ equiv/ cm’), 5 minutes in all cases, The radioactivity of the plates was 
——— "10% determined with an end-type radiation counter, The specific 
1,5-1078 3 activity of the solution was measured by the number of im- 
15 pulses given off by the samples prepared in the following way: 

1,5-40-4 0 a small drop of the solution was placed on a silver or copper 
plate, weighed on a precision balance, diluted and dried on 
15 an electric hot plate. The irregularity factor of the surface 

of the plates was determined by comparing the number of 
impulses given off by a given plate and by a well polished 
plate after adsorption of sulfur under identical conditions; the 
irregularity factor in the case of the polished plate was taken 
TABLE 2 as equal to 1.2, 


Conc, in N Table 1 represents the average results (in gram- equi- 

3 valents) obtained in the case of adsorption by 1 cm? of real 
surface of chemically pure iron at t= 20°C, Analogous re- 
sults were obtained for Armco iron, 


H,SO, 


none 


1,4-10-3 The addition of the inhibitor N(C,H,)4 does not change 


10-9 the amount of sulfur adsorbed (see Table 2), 


The increase of the amount of adsorbed material with 
time in the case of acid solutions containing more than 1074 N 
Na,S and which do not contain inhibitors is apparently due to 
the increase of the total surface resulting from etching, Further- 
more, after 6-10 minutes the surface of the plate becomes covered with protruding bubbles, whose number and size 


increase with etching time, In the presence of an inhibitor the plates remain smooth and brilliant and adsorption 
increases but little with time, 


| 
1,5-10-5| 0,4 
1,0-10-3| 1,0 
1,5-10-3 0,1 
= 
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In the case of prolonged exposure of the plates, the measured increase of the adsorbed material with time 
can be due to the radiation coming from the sulfur which has penetrated into the body of the metal, This pene- 
tration was determined by measuring the radioactivity of the iron plates after adsorption from a 1 N HySQ,+ 
+ 4,6+10°* N Na,S* solution, removal of the surface layer with sandpaper (No, 000), and weighing on a precision 
balance, Penetration of SO}, and also I” and Br into the plate was reported earlier by N, A, Balashova [3]. 


Figure 1 represents the variation of the activity of a plate with 
successive removal of metal layers; it shows that a certain amount 


imp/min of sulfur (about 10%) penetrates into the body of the metal to a depth 
| greater than 1,5u.* The adsorption of electrons released by S %, by 
a layer of iron 1 thick does not exceed 10-12% (determined from 
aad \ the adsorption curve corresponding to aluminum foil; we consider 
: that the adsorption for 1 mg/cm? is the same for Al and Fe), 


containing H,S is practically unaltered by the addition of KI; how- 
ever, the solution rate increases sharply when Na,S is added to the 
mixture of H,SO, + KI, 


Table 3 shows that the solution rate of iron in sulfuric acid 
$00 


aL One can conclude that the adsorbed sulfur adheres to iron 
much more strongly than iodine and that iodine is displaced from 
- the surface of the metal during the adsorption of sulfur, since the - 
inhibiting effect of KI disappears almost completely when NajS is 
5 ’ gee added to the solution (Table 3, lines 3 and 4), while the addition 
layer of KI to the + NaS solution has almost no effect on the amount 
of sulfur adsorbed (Table 4). 


TABLE 3 The strong inhibitive action of N(C,H,)g ions in the solution 
Solution Rate of Iron in 1 N H,sO,* containing Na,S and KI as compared to that in the acid solution 
7 errr containing only Na,S (Table 3, lines 5 and 6) indicates the og 
g/cm? hr of a considerable amount of iodine on the surface [1, 2], In fact, 
was | KI | NcHo, , measurements of the amount of iodine ions adsorbed by iron from 


none | none none 4-40-4 the solution containing H,SO, + KI, using KI"! as a tracer, show that 


0,001 | none none 9-10-4 in the presence of Na,S the adsorption of iodine decreases only by 
0,001 0,001 none 7,8-10-4 20- 25% 

none 0,001 none 

0,001 0,004 
004 0/004 4°2.10-8 Experimentally obtained polarization curves showed that the 


addition of NaS to an H,SQ, solution decreases the hydrogen over- 

potential, However, the addition of an organic inhibitor (for ex- 

ample, tetrabutylammonium sulfate) to a solution containing Na,S 
considerably increases the value of the overpotential, 


It must be noted that the addition of the inhibitor to the HySO, + H,S solution prevents hydrogen embrittlement 
of iron during etching, Thus, for example, a steel wire 0.2 mm in diameter undergoing cathodic polarization in a 
1 N HSQ, + 10°* N Na,S solution (with a current density of 0.01 amp/cm?) under a load of one kilogram, breaks 
after 2-3 minutes, while it takes 4-5 hours before breaking occurs when 10°* mole/liter of tetrabutylammonium 
sulfate is added to the solution, In pure 1,0 N H,SO, the wire does not break even after 4-5 hours of exposure, 


TABLE 4 
Composition of the solution, in N Duration of 1 
+—|absorption, | (g- equiv/cm? 
H,SO, Na,S KI. NCH), | inmin | 10!) 
1,0 4,2-10-8 none none 5 44 
0,1 1,2-10-8 0,5-10-8 none 5 42 
1,0 10-8 0,5-410-8 1,4-10-8 20 46 
1,0 } 10-8 none 10-8 20 45 


* The small initial retardation in the fall of radioactivity corresponding to the removal of very thin layers of 
metal is apparently due to the fact that the grains of abrasive on the sandpaper is of the order of 0,2-0.3 yn. 
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Adsorption of sulfur by iron is an irreversible process, This can be seen from the fact that even after pro- 
longed washing the plate retains almost all of the adsorbed sulfur, Washing of the plate with 1 N H,SQ, for 10 
minutes reduces the amount of adsorbed material only from 35-10" to 27-107?° g-equiv/cm*, 


The average amount of sulfur adsorbed during 5 minutes from a 1 N H,SO, + 0.001 N NaS solution is 
equal to 42-107” g- equiv/cm? or 21-107 g-atom sulfur per one cm*, This amount is sli htly lower than 
that necessary for the formation of a two-atom layer of S* ions (r=1.84 A, I =12,3-107" g-equiv/cm? for 
a single layer), These values correspond to the wager. a slightly less than one atom of sulfur with one atom of 
iron (for a — Fe, t= 1.238 A on the surface of 27-10" g- atom/cm?), However, it is impossible to determine 
exactly the amount of sulfur adsorbed because some of the sulfur penetrates into the body of the metal, 


Comparison of these data with those concerning the amount of iodine adsorbed by iron [4] shows, however, 
that sulfur covers a considerably greater part of the iron surface than iodine. 


The stimulating effect of hydrogen sulfide on the solution rate of iron in acids, controlled essentially by 
the anodic process [5], is apparently due to the weakening of the interatomic bonds between iron atoms (which 
renders their ionization easier) as the result of the formation of a strong bond between the iron and the sulfur 
atoms, * 


It is also necessary to explain the disappearance of the stimulating action of hydrogen sulfide in the pre- 
sence of some inhibitors, and the increased inhibiting action of the inhibitors on corrosion in the presence of H,S 
as compared with the effect of the same inhibitors in the absence of H,S, Experiments showed that for a given 
concentration of the inhibitor in the solution there exists an optimum concentration of H,S for a maximum in- 
hibiting effect. The concentration of HS can be increased up to 10°* N without reducing the inhibitive effect 
on corrosion when the concentration of the inhibitor (for example tribenzylamine) is increased, 


It must be noted that H,S considerably increases the inhibitive action only in the case of such organic 
compounds as organic acids and alcohols (for example, caproic acid or hexylalcohol), while the stimulating 
action of H,S is increased by sulfoacids, 


These facts allow us to assume that the cations of inhibitors form (by electrostatic forces) strongly bonded 
pairs, with the formation of dipoles Fe-S on the iron surface, The number of these pairs per unit surface is 
determined by the concentration of the inhibitor in the solution, When the concentration of the inhibitor is 
sufficient, the stimulating effect of H,S is preserved, This assumption is confirmed by the previously stated fact 
that hydrogen overpotential is increased in acid solutions when H,S and the inhibitor are present simultaneously, 
and as a_ result the corrosion rate of iron is reduced, It is probable that the surface concentration of the ad- 
sorbed atoms of hydrogen [H], is decreased, an assumption borne out by the fact that the hydrogen embrittlement 
is decreased in the H,SO, + H,S solution (if i= const) when an organic base is added to it, The decrease of em- 
brittlement due to the decrease of the diffusion rate of atomic hydrogen into the metal is promoted because the 
cathodic potential becomes higher with the addition of the inhibitor and the increase of the rate of removal of 
hydrogen (according to the electrochemical mechanism), in the same way as in the case of the simultaneous 
action of halogen ions and organic compounds in the presence of As,O3 [7]. 
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DIFFUSION IN CRITICAL REGION OF TERNARY SOLUTIONS 


I, R. Krichevskii, N. E. Khazanova, and L, R, Linshits 


(Presented by Academician A, N, Frumkin, December 24, 1957) 


The diffusion rate in solutions is determined by the gradients of the chemical potentials [1J, At the critical 
point of a binary solution the derivative of the chemical potential of a component with respect to the composition 
is equal to zero[2], Consequently, at the critical point of a binary solution the gradient of the chemical potential 
of a component is equal to zero at a concentration gradient of the component different from zero, 


That diffusion ceases near the critical region of a binary solution, first predicted by D, P, Konovalov, has 
found experimental confirmation only recently [3, 4], The fact that diffusion ceases almost completely in the 
critical region is of extreme theoretical interest, and it also assumes great importance in practice since it places 
special emphasis on the kinetics of the processes taking place in this region [4], 


At the critical point of a ternary solution none of the derivatives of the chemical potentials of the com- 
ponents with respect to composition, in contrast to binary systems, is converted to zero [2], Consequently, in 
the general case, the diffusion rate of the components of a ternary solution near the critical point will not fall 
to a very small value, However, if the solution is dilute in the third component, then the theory of binary systems 
can be applied with a closer degree of approximation to the main components, Then, in such systems the diffusion 
rate of the two main components near the critical point remains close to zero, since the derivatives of the chemical 
potentials of the components with respect to the composition will differ very little from zero at the critical point 
(they will be smaller the smaller the amount of third component), The derivative of the chemical potential of 
the third component will be different from zero, and its diffusion should proceed at a finite rate, 


The utilization of such a phenomenon should permit enrichment with a third component (or purification 
from a third component) if the component in question could be made to diffuse across a boundary 
at a relatively much faster rate than would hold for the main components, The utilization of such a phenomenon 
would also permit carrying out selective heterogenous chemical reactions, which would proceed by the chemical 
kinetics valid for the third component, whereas for the two main components these reactions can proceed only by 
diffusion or by a mixed kinetics [4], Consequently, an investigation of the diffusion rate of the components in the 
critical region of such ternary mixtures is of great interest, 


The objective in the present investigation was limited to solving the main problem, namely, to clearly 
determine whether as the result of molecular diffusion in the critical region there is substantial enrichment of 
the solution in the third component, functioning as a small addition to the binary system, 


For a number of reasons the system triethylamine — water with the addition of a small amount of butylamine 
was selected as a good example for studying diffusion in ternary solutions, We used the capillary method in making 
the study, For our work we used a capillary with a diameter of about 2 mm and a length of about 40 mm, The 
experiments were run for periods ranging from 50 to 90 hours, The temperature of the thermostat was controlled 
with an accuracy of + 005°, The experimental technique used was the same as that employed to study diffusion 
in the critical region of two-component systems [3, 4]. 


The minimum amount of butylamine added was limited by the accuracy of the analysismethod (Van Slyke) 
used, The construction of the apparatus and the method of analysis, both worked out specially for the present 
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case,* made it possible to determine as little as 1 mg of butylamine in approximately 10 ml of liquid with an 
accuracy of 3-5 weight percent, 


TABLE 1 
Diffusion Coefficient of Butylamine in Ternary Mixture at 18° 


Conc. in the capillary, g/cm*® Duration of 
initial | final hrs /sec) 
Concentration of triethylamine in beaker 36,3, and in capil!ary 
17.6 wt. % 
0,0115 0,0140 45,25 0,17 
0,0114 0,04 45,9 0,14 
0,0114 0,04 45,9 0,14 
0,0114 0,0137 69,9 0,19 
0,0114 0,0127 69,9 | 0,06 
0,0108 0,0130 95,3 0,12 
0,0108 0,0136 71,4 0,25 
0,0108 
Average. | 0,164-0, 04 


Concentration of triethylamine in beaker 19.3 wt. %, and in 
capillary 0.0 


0,0000 0,0055 65,5 0,50 
0,0000 0,0037 65,5 0,23 
0,0000 0,00405 69,4 0,41 
0,0000 0,00343 69,1 0,29 


Average. . . | 0,3540,04 


In our investigation of diffusion in a three-component mixture we always used solutions in which a con- 
stant ratio of butylamine to triethylamine was maintained (~ 1:14), We also always used a constant tempera- 
ture of 18° (the critical temperature of the investigated ternary mixture is 21,8°), 


To obtain clearer results (limited by the sensitivity of the analysis method for butylamine) we selected a 
large concentration gradient of the diffusing component for investigation, The difference in the concentrations 
of the original solutions in ps beaker and in the capillary were of the order of 0,2g/cm'*for triethylamine and 
of the order of 0,013g/ cm® for butylamine, 


TABLE 2 
Diffusion Coefficient of Triethylamine in Ternary Mixture at 18° 


"Cone. in the capillary g/cm Duration of expeti= cni/seq 
initial | final 


Concentration of triethylamine in beaker 36.3 wt. % 


2,3 
1,4 
5,2 
4,7 
5,3 
2,2 
2,2 
Average .- 3,4+0,4 
Concentration of triethylamine in beaker 19.3 wt, % 
0,000 0,0302 65,5 15,9 
0,000 0,0326 65,5 
0,000 0,0370 69,4 18,6 
0,000 0,0379 69,4 19,7 


* The analysis method will be described in a separate communication, 


= 
tbe 


From the data presented in Tables 1 and 2 it can be seen that the diffusion coefficient of butylamine is of the 
same order in the critical region and in dilute solutions. The somewhat higher values of D for butylamine in dilute 
solutions is explained by the lower viscosity of the latter when compared with concentrated solutions, As a re- 
sult, the diffusion rate of butylamine, present as a small addition to the binary mixture triethylamine— water, 
does not stop in the critical region, which is different from triethylamine (Table 2), the diffusion rate of which 
is sharply lowered in this region, In dilute solutions the diffusion coefficient of triethylamine is of the same order 
as the diffusion coefficient of butylamine, It is interesting to note that the values of D for triethylamine in dilute 
solutions, both for three-component and for binary solutions [4], lie close to each other, 


In accord with theoretical considerations the system became richer in butylamine, The ratio of butylamine 
to triethylamine in the diffusion stream was approximately 1:6, whereas in the original solution is was 1:14, 


As a result, the first investigation made of the diffusion rate in the critical region of three-component 
solutions revealed, in agreement with theory, that it is possible to enrich the solution in the third component 
as the result of the molecular diffusion of the latter, 
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METASTABLE STATE DIAGRAM OF THE IRON~- CHROMIUM SYSTEM 


A. G. Lesnik 


(Presented by Academician G, V. Kurdiumov, December 7, 1957) 


This article describes a quantitative study of the energy of interatomic reaction in alloys of the iron— 
chromium system; the study was based on the data previously obtained [1] and on the results of experiments 
devised especially for the determination of curves representing the alpha- gamma phase equilibrium in this 
system, 


According to our previous work when the distribution of atoms on the faces of the lattices has a random 
character the alpha and gamma equilibrium curves are described by the following equations: 


By? 


C 
C2. 


2484 
RT In = + Ch, — (1) 
Here C4 4» Cage © Ay? and Cp, , represent, correspondingly, the concentration of A (iron) and B (chromium) 
atoms in the a and y phases; Zz, and zy are the lattice coordination numbers of the a artd the y phases; 


= + — = t+ — 2e{,, are the parameters characterizing the interatomic 
reaction in the alpha and the gamma phases; the magnitude AGa = Gi- G M represents the difference between 


the free energies of the ~ and the y phases in pure iron; AG, is the theoretical parameter, depending only on 
the temperature, 


In our previous work we have shown that these equations (1) allow us to explain the presence of a minimum 
on the equilibrium curves of the a and y phases of certain systems; in particular, in the case of the Fe—Cr 
system, these Equations (1) were compared to the averaged experimental results obtained by various authors, 

2 2 
parameter AG, , which was found to increase linearly with temperature within the whole existing region of the 


It became apparent then that it is possible to determine the difference and also the 


€ Zqy € 
loop, The values ae and —— were not determined separately because in order to obtain reliable 


results one needs more precise data on the position of the loop than those available in the literature, 


In the literature one finds data for technically pure alloys; furthermore these data are calculated without 
taking into account the possible effect of high-temperature treatment of the alloys, prior to the experiment, on 
the position of the equilibrium curves, We have shown that a “homogenizing” treatment of alloys may considerably 
displace the equilibrium curves; this is apparently due to the creation of close order in phases submitted to pro- 
longed heating, 


In order to calculate ey and €, by these equations (1) we have performed new experiments allowing us 
to determine the position of the equilibrium curves of alpha and gamma phases in the iron— chromium system,* 


* The experiments were performed in collaboration with G, B, Khar'kova, 


- 
* 
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The materials used for the experiment were the following: electrolytic chromium, refined in a stream of hydro- 
gen (it contained 0,003% Og, 0,0266% Ng, 0.03% Si) and electrolytic iron (in the form of little scales) originally 
containing 0,02% C, 0,0009% Mn, 0.017% Si, 0.003% P; it was 
C degassed in high vacuum at 1400-1500° C for 13 hours, melted and 
maintained in the molten state for about 2 hours, After this treat- 
900 f ment only traces of carbon (< 0.003%) remained in iron, The 
a> y transformation temperature of the alloys was determined by 
/ the sharp break in the curves representing the variation of the 
electrical resistance as the function of temperature, Figure 1 re~ 
presents the curves obtained for the beginning and the end of the 
a—> y transformation for the alloys investigated, It must be noted 
a0; 5 0 15 wt% that the end of the transformation was registered with a certain de- 
C—- lay; this is seen from the fact that the curves representing the be- 
Fig, 1. Curves of the beginning and and the of 
end of the transformations (during at the minimum point, Therefore, = etermine the ig aera 
heating) of the Fe-Cr system, we were interested in, we used only the data relative to ginning 
of the transformation, It must be noted that our data are relative to 
alloys which were not submitted to prolonged high-temperature treatment, i.e., in our experiments we maintained 
conditions ensuring random distribution of atoms on the lattice faces [2]. 


For the comparison of Equation (1) with the experimental data we used values taken from a previous work 
(3) for AGa. 


Since AGa and AGg are independent of the composition of the alloy we found (graphically) by applying 


€ Zz 
Equations (1) that this equation is valid only when aa * = 2 = 2570 caVg-atom, Furthermore, at the 


minimum point(Cp, = Cp ) the following conditions must be fulfilled: 
po By By. 8 


According to our data Trin = 830 ° C; according to the data of a previous work [3], AG, (830° C) =19 cal/g- 
atom; thus, using Equation (2) we obtained Cmin = 8.6 atom percent. (or about 8% by weight), AGg (830° C) = 
= 2147 cal/g-atom, It would be simpler to operate in reverse: take the value of Cmin from the experimental 


€ 
curve of the beginning of the transformation and determine the difference st i 2s. from Equation (2), 


In this way, however, a considerable error could be introduced in the determination of ae ac ae. 
since the position of the minimum on the curve (Fig, 1) cannot be determined with sufficient precision, Further- 


€ Zz 
more, Equations (1) are used for the determination of ra and — separately, For this it would suffice 


to use data relative to some other temperature, 840° C, for example, According to Shmit [3], AG, (840° C)= 
= 16 cal/g-atom; according to our data the straight line T = 840° C intersects the curve of the beginning of the 


transformation at two points:C'p,, = 10.67 atom percent and gives C"p,, = 5.88 atom percent, Under these con- 
ditions the graphic solution of Equations (1) gives us: 


7 =— 3530 cal/g-atom 


= — 960 cal/g-atom (3) 


and AGg (840° C) becomes equal to 2165 cal/g-atom, i.e., it increases with temperature as was previously 
shown [1]. 


A 
min 


The negative sign of €,, and ¢€, indicates that both phases belong to Becker type disintegrating solid 
solutions, In reality however, we should observe only the decomposition of the a phase, since the y phase 
exists only within a very limited region of concentrations, The theoretical curve of the decomposition of the 


solid solution of the y phase, drawn according to the equation published elsewhere [4] and using Relationship 
(3), is represented in Fig. 2, 


The results obtained allow us to understand the nature of the 


so-called 475° C-fragility — a well known phenomenon only 

on: 7 recently investigated in detail [5]; in this work it was proven by 

a direct experiments that the 475° C-fragility is due to the de- 
composition of the initial solid solution (Fig. 2). 

600 copa The diagram drawn on Fig, 2 represents a very stable meta- 

a / \ PB stable state, In fact, as we have seen before, the conditions of the 

400 ap experiment eliminated the possibility of close ordering in alloys, 
necessary for the formation of a metal compound (g-phase) during 

200 / equilibrium decomposition, , 


The negative values of = + €pp— (positive dis- 
2 60 wt. % AA BB AB ‘P' 


| mma ce placement energy — + C,Cp ze) show that the absolute value of 
Fig. 2, Diagram of a metastable 


Fe- Cr system, the reaction energy of atoms of the same kind is greater than the 


reaction energy of a pair of atoms of different kinds, In the case 

of equilibrium, close order must be created in this type of solid 
solution so that atoms of different kinds repel each other and each atom tends to surround itself with atoms of 
the same kind, Yet chromium ferrite is decomposed under equilibrium conditions with the formation of a 
metallic compound; one could therefore expect close order in the original solid solution and the tendency of 
each atom to surround itself with an atom of a different kind, 


The described contradiction indicates that in the case of the Fe~Cr system the interatomic reaction 
cannot be completely described by the value of € we have determined, During close ordering in the alloy, 
there must appear some additional forces in the form of an additional energy carrying a negative sign, which 


fully compensates the positive displacement energy of the alloy in the random state, — + CaCp Ze€y, so that 


it becomes thermodynamically advantageous for the atoms to surround themselves with atoms of a different 
kind, 


According to our previous work such a possibility occurs in systems in which there exists, outside the 
ordinary metallic bond, an additional interatomic bond, ionic in character, which results from the redistribution 
of the electronic charges between atoms of different kinds in the alloy. 
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INVESTIGATION OF THE COPOLYMERIZATION OF ISOPRENE AND 
DIVINYL BY BUTYLLITHIUM 


G. V. Rakova and A, A, Korotkov 


(Presented by Academician A, V. Topchievy December 16, 1957) 


Up to. now catalytic copolymerization with basic catalysts has hardly been studied, Only a few papers 
have been published which give quantitative data [1-5], Judging by the values of the copolymerization con- 
stants, monomers differ very considerably in their reactivities, Monomers in which the double bond of the 
vinyl group is conjugated with the multiple bond of a nitrile or a carboxyl group have the greatest activity, 
The copolymerization of diene hydrocarbons under the action of basic catalysts has not been investigated as 
yet, It is known that in free radical (emulsion) polymerization these hydrocarbons have relatively similar 
activities [6], 


It seemed interesting to establish the relative reactivity of the diethylene hydrocarbons, isoprene and 
divinyl, which differ by only a methyl group, in alkali-catalyzed copolymerization, Labeled atoms were used 
for determining the composition of the copolymers, For this we synthesized isoprene containing radioactive 
carbon, C™ (from acetylene-C™, prepared from Bac Os) by a modification of Favorskii's method [7], 


Copolymerization and separate polymerizations of isoprene and divinyl were carried out in hexane solution 
with butyllithium at 50°, with a total monomer concentration of 2 moles/liter and a catalyst concentration of 
0,0025 mole/liter, Butyllithium was synthesized by the known method [8], The butyllithium solution was 
analyzed by the usual method with a double titration [8], 


Thoroughly purified and dried monomers and solvent were used for the polymerization, All operations of 
measuring out the products into the reaction ampules were carried out in a current of dry nitrogen and in vacuum 
with a distributing comb (T, N, Presumably an apparatus similar to a vacuum fractionation “pig."), The reaction 
ampules consisted of two sections, separated by a wall and connected with a graduated tube, The solvent and 
monomers were placed in one section and the catalyst, a solution of butyllithium in hexane, in the other, 


The wall in the ampule was broken with a glass plunger and the contents of the ampule mixed together 
rapidly, Polymerization was performed in a water thermostat at 50°, The polymerization rate was determined 
from the decrease in volume of the reaction solution, 


The polymerization was stopped at different degrees of reaction by cooling the reaction ampule rapidly, then 
opening it and adding a small amount of ethyl alcohol (2 ml) to decompose the catalyst, The unreacted monomers 
and solvent were distilled from the ampule and the degree of reaction was determined by the weight of the poly- 
mer, dried at 60-80° (p = 2 mm Hg), 


The copolymer compositions were determined by the radioactivity of the samples: as the standard we used 
polyisoprene- c™ whose relative activity was expressed as the number of standard units in a sample of BaC™ Oy, 
The polymer samples were collected in small brass vessels (2 cm in diameter and 0,5 cm high), whosé geo- 
metric position was fixed under the window of an end-window counter, The experimental results are given. in 
Table 1, The data obtained made it possible to calculate the copolymerization constants by the exact Mayo- 
Lewis integral Equation [9], a = 0,47 + 0.03 (for isoprene) and g = 3,38 + 0,14 (for divinyl), Figures 1 and 2 
give the curves calculated for the copolymer compositions and also the experimental points, 
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isoprene units 


8 


isoprene units 


Copolymer content of 
& 
Copolymer content of 


0 1 wail 

Conversion Isoprene content of the initial mixture 
Fig, 1, Calculated integral curves of the Fig. 2, Copolymerization curve of the 


isoprene— divinyl system ( a =0.47; B = isoprene— divinyl system, 
= 3,38), 


TABLE 1 


The Relation of Copolymer Compositions to the Composition of the Initial Mixture and 
the Degree of Reaction 


||Compositi 
mixture fadio-.| Reaction itn pe By tadio-| Reaction 
acti ity(mo e — mole activity (mole% degree 


prene |divinyl | ine |divinyl () 


divinyl | 


43,7 84,6 
27,0 14,5 
28,3 25,2 
28,7 12,4 
31,9 35,4 
34,5 69,5 


51 
49 
48 
52 
54 
49 


With the given initial monomer ratios, the copolymer compositions were calculated graphically by the 
known integral equation for copolymerization 


, May be expressed as: 


Bo 


If the following criterion is introduced 


ap—1 
Bo (@—1)@—1) 


of 

ing 

rene divinyl 
48,9 20,7} 79,3 | 6,6] 93,4 2 
0} 51,0 19,8| 80,2 | 9,5] 90,5 5 
71 54,3 20,9| 79.1 | 8,0| 92,0 
47,8 78,9| 21,1 | 57,5] 42,5 3 
‘1 | 48,8 69,7| 30,3 | 54,4] 45,6 8 
| 51,0 78,0 | 22,0 | 63,0] 37,0 

A 

1—p B. 

(1) 

log 4 Hog 

Bo 

where p* 

i A 1 A 

B 

(2) 

Bo Pp Bo 

By 1 


where Ap and By are the monomer concentrations at the initial moment and A and B are the monomer con- 
centrations at the moment of terminating polymerization, then Equation (2) will appear as: 


log ¥ + ky = kylog (= hs) — ky (3) 


A graphic resolution of Equation (3) makes it possible to determine the magnitude z = - for various values 


of y, i.e., to determine the required values A and B, 


The experimental points lie quite well on the calculated curves, when one considers the permissible 
errors in measuring the monomers volumetrically, 


Figure 3 gives the kinetic curves for the separate polymerization of isoprene and divinyl and the copoly- 
merization at a monomer ratio of 1:1. 


It follows from the experimental data given that: 


x 


- 100, oat 1, Divinyl is the more active monomer in copolymeriza- 

a tion (g > lj a< 1). 

c 

>} 2, In separate polymerization, isoprene is more active 

8 60}- b as it polymerizes at a rate approximately 3 times greater than 

divinyl, 

o 3, In copolymerization, the rate of the reaction in the 

5 aol first stage corresponds to the rate of separate divinyl poly- 

2 merization, 

00 min An analogous phenomenon was observed in the copoly- 

merization of styrene with divinyl under the effect of butyl- 

Fig, 3, Kinetic polymerization curves lithium [5], In separate polymerization, styrene was polymerized 

Cmon= 2 moles/liter; C,,.= many times more rapidly than divinyl, In copolymerization, 

= 0.0025 mole/liter, a) Isoprene, first divinyl was polymerized at the rate of its separate poly- 

b) divinyl, c) isoprene— divinyl (1:1). merization and, after it was practically all exhausted, styrene 
started polymerizing, also at the rate of its separate polymeriza- 


tion, 


The higher reactivity of isoprene in comparison with that of divinyl in separate polymerization is due, 


apparently, to the presence of a constant dipole moment in an isoprene molecule caused by the positive in- 
duction effect of the methyl group, 


The phenomenon of the “inversion” of the monomer's activity in copolymerization cannot be explained 


on the basis of the ideas on the step mechanism of polymerization [10], Regardless of the end unit in the 
growing polymer chain: 


~ CH, — CH = CH — CHALi of 


~ CH; — CH = C —CH,Li 
| 
CHs 


the probability of addition of each monomer molecule must be controlled by the activity of the monomer and 
its concentration in the solution, Thus, in our case the copolymer must be enriched in isoprene, 


In order to explain the phenomenon of the “inversion” of the monomer's activity, the course of the reaction 
may be expressed as follows, In catalytic polymerization the active center is a dipole which reacts with the 
surrounding medium; if the rate at which the monomer reacts with the dipole, which could also be a metallo- 
organic compound, is relatively low, then the dipole would be surrounded by an envelope of polarized monomer 
molecules, The copolymer composition and the polymerization rate would be determined by the monomer 
concentration in this envelope, In the copolymerization of isoprene with divinyl, due to the relatively greater 
lability of the electron cloud and smaller steric hindrances of divinyl molecules, the monomer envelope would 
apparently consist mainly of divinyl molecules, Therefore, the total rate corresponds to the separate polymerization 
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rate of divinyl and the copolymer composition is enriched in the latter, As in radical polymerization the 
active center has no charge and is not dipolar, no such envelope forms and the addition order of monomer 
molecules depends only on the concentration and relative activity of the monomers and free radicals at the 
ends of the growing chains and therefore the phenomenon of “inversion” does not occur, | 
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of passivating agents into the electrolyte [1]. 


Potential 

¢ 
~ 


200 
amp/cm?2 


Fig. 1, Anode polarization curves for 
1Cr18N9T Steel, 1) In a 0,1 N NaCl solution; 
2) in a 0,1 N NaCl + 0,1 N NagSQ, solution; 
3) in a 0,1 N NaCl+ 0.5 N Na,SQ, solution; 
4) in a 0,1 N NaCl +1,0 N Na,SQ, solution; 
4a) in a 1.0 N NaSQ, solution, 


Cnaci?Cna,so, 


chromium steel (Fig. 2). 


PASSIVATING PROPERTIES OF SULFATE IONS 


I, L.Rozenfel'd and V. P, Maksimchuk 
(Presented by Academician A, N, Frumkin, December 23, 1957) 
The passive state of iron alloys with chromium and nickel (stainless steels) is destroyed in the presence 


of chlorine ions and consequently these alloys undergo corrosion in chloride solutions, Up to the present it was 
known that the activating actions of chlorine ions can be completely excluded or suppressed by the introduction 


We have discovered and subsequently investigated 
a new phenomenon which demonstrates that sulfate ions 
possess properties analogous to passivating agents with 
respect to chlorine ions, 


Figure 1 represents anode polarization curves re- 
lative to 1Cr18N9T steel in 0,1 N NaCl solution con- 
taining different amounts of sulfate, In a 0,1 N NaCl 
solution the polarization curve has a characteristic bend 
which indicates that the electrode has lost its passivity 
and become active, Therefore, the values of the potentials 
corresponding to the minimum points of such curves 
characterize the stability of the passive state, 


Figure 1 shows clearly that the stability of the 
passive state increases in the presence of sulfates, As 
the concentration of the sulfate increases, the activation 
potential shifts rapidly toward the area of more positive 
potentials, Finally, when Cyaci?Cna,so, = 1:10 no 
activation takes place, For the majority of stainless 
steels the polarization curves obtained in electrolytes 
of this type coincide with the curves obtained in pure 
sulfate solutions, 


When the amount of sulfate is sufficient, stainless 
steel behaves as a passive electrode; it can be polarized 
up to relatively high potentials without the appearance 
of the active state, 


There exists a significant difference in the corrosion 


character of the electrodes, The electrodes submitted to anodic polarization in NaCl + NagSQ, solution undergo 
much less pitting corrosion than the electrodes polarized in NaCl solution, The electrode remains unattacked if 


In order to clarify the electrochemical behavior of the different components of stainless steels we have 
drawn anode polarization curves with iron, nickel, molybdenum, chromium, and, for comparison, with Cr28 


4 

0 
+46 
0 0 40 
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With iron, whose potential was about — 0,3 volt, the sulfate ions'effect is absent, Furthermore, the intro- 
duction of sulfate into the electrolyte displaces the stationary potential toward more negative values and favors 
the process of anodic dissolution of iron, 


Vv Fe Chlorine ions have no activating effect on chromium; 
during anodic polarization chromium is easily passivated 
| even in chloride solutions and therefore the effect of 
cannot be put in evidence, Sulfate ions do not affect the 
molybdenum electrode in the presence of chlorides, The 
#566 passivating effect of sulfate ions is clearly manifest 


in the case of iron— chromium solid solution (the Cr28 


~ +02 steel); compare curves 6 and 7 of Fig. 2, In pure chloride 
3 p solutions this steel can be polarized only up to the 
3 +04 potential equal to+ 0.6 volt; beyond this value the steel 
a + 1 passes into the active state. In the presence of sulfate 
et ions, however, this steel can be polarized up to+ 1,2 volt, 
This effect is analogous to that observed with 1Cr18N9T 


steel, 


Sulfate ions also prevent the activation of nickel 
pana by chloride ions, However, when Cyjaci?CNa,so, = 

’ =1:10, nickel is in an active passive state; during 

anodic polarization in this solution the potential of 


wile nickel is very unstable; it varies within a wide range 
ited bv ¢ 

7] se limited by curves 5 and 8 (Fig. 2). The passive state 

becomes stable only when Cyjac} sO, = 1:100; 


Fig. 2, Anode polarization curves, nickel can then be polarized without any oscillation of 


1) Fe in 0,1 N NaCl+ 1,0 N NaSO, potential up to relatively high potentials, 

2) Fe in 0,1 N NaSQ,; 3) Fe in0.1N Thus, one may conclude that the passivating action 
NaCl; 4) Moin 0,1 N NaCl; 4a) Mo of SO,” ions on stainless steel is determined to a great 

in 0,1 N NaCl+1,0 N NaSO,; 5) Ni extent by chromium and to a lesser extent by nickel, 

in 0,01 N NaCl; 6) Cr28 in 0,1 N NaCl; The passivating property of sulfate ions can be studied 

7) Cr28 in 0.1 N NaCl+1,0 N Na3SO,; and demonstrated directly by the variation of the potential 
8) Ni in 0,01 N NaCl+1,0 N NaSQ,; as the function of time during polarization of steel at 

9) Cr in 0,1 N NaCl, constant current density, 


Fig, 3, Variation of the potential of 1Cr18N9T steel as the function of time with current 
density equal to amp/cnf. A) In a 0,1 N NaCl solution; B) in a 0,1 N NaCl+0.1 N 
Na,SQ, solution, Initial rate of feed of the band was 120 mm/hr; final rate of feed 4800 mm/hr. 


The diagrams represented in Figs, 2 and 4 were obtained with an automatically registering potentiometer 
connected to a direct current amplifier, In pure chloride solutions the surface of steel is in an active— passive 
state and its potential oscillates, as is shown by the diagram (Fig, 3, A), The frequency of oscillations of the 


\\ 
40 
1 
P B \ 
A ] B \ 
0 67min 0 60min 
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potential and the limits within which it varies (which can be determined directly on the diagram when input is 
large; see the right side of the diagram) characterize the degree of stability of the passive state, The diagram 
shows distinctly that the introduction of sulfate into the electrolyte sharply decreases the frequency of oscillations 
of the potential, In a 0,1 N NaCl solution with the density of current equal to 2u amp/cnf one observes 12 oscilla- 
tions per minute on the average, after a period of 1.5 hours; the value of the potential oscillates between + 0,55 
and + 0,95 volt; in a 0.1 N NaCl + 0,1 N Na,SQ, solution the values 
of the potential experience 2 to 3 oscillations within the limits of 
+ 0.65 and+ 1,25 volts, When the concentration of sulfate is ten 
times greater than that of the chloride the frequency of potential 
oscillations is reduced to zero: then steel undergoes anodic 
polarization without variation of its potential (Fig. 4), 


Re 


According to the surface film theory of passivity the activating 
effect of chlorine ions is explained in the following way: because 
of their small radius, chlorine ions can easily penetrate the pro- 
tecting surface film and destroy it, The function of the passivating 
agent is reduced to the mending of the defects occurring as the 
: : result of the action of chlorine ions, One cannot expect this type 
sad 60 7 of action from sulfate ions since they do not possess an oxidation 
power and do not form insoluble compounds with the components 
entering into the composition of stainless steel, 
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Fig. 4, Variation of the potential of 

1Cr18NQT steel as the function of time 

in a 0,1 N NaCl+ 1.0 N Na,SQ, solution The effect we discovered can be explained satisfactorily by 

with the current density equal to 2namp/ assuming that the processes taking place at the surface of the 

cm?, The graph paper band was electrode in the presence of chiorine and sulfate ions are adsorption 

fed in at the rate of 120 mm/hour, processes, According to this mechanism the stability of the passive 
state must therefore be determined by the adsorption of anions from 
the solution, 


There exists sufficient evidence that the passivating property of sulfate ions is determined primarily by 
their adsorption by the metal surface, the adsorbed sulfate ions displace the chlorine ions from the surface, 


As the result of this exchange of adsorbed ions, the chlorine ions are either completely removed from 
the metal surface or their concentration becomes so insignificant that they are incapable of activating the 
metal, 


The process of adsorption of ions from electrolytes was studied in detail by A, N. Frumkin and his students 
[2], They have studied the relationship between the adsorption capacity and the charge of the surface and 
have shown that for given potentials strong adsorption of anions takes place even on an oxidized surface, This 
result was proven by N, A, Balashova [3] in the case of SOQ,” by the method of radioactive tracers, 


Adsorption of ions by chromium from electrolytes containing SOQ,” and CI was studied by Hackerman 
and Powers, These authors showed that the adsorbed SOg” and Cl” ions exchange with the adsorbed CrO,~ 
ions and remove them from the metal's surface, It is important to underline that the SQ, ions are re- 
vealed as much more active than the CI” ions: equal displacement of CrO, is achieved by SO;~ and by CI” 
when the concentration of Cl” is 500 times higher than that of SOg~. It can be concluded therefore that the 
SO,” ions are much more easily adsorbed by the metal surface than the Cl’ ions and consequently can displace 
the CI ions, 


The results obtained reflect favorably the adsorptional mechanism of action of chlorine ions; the theory 
of this mechanism was worked out by B, N, Kabanoy and his collaborators [5]; according to this theory the 
activation of the metal by the anions is explained by the adsorption and displacement from the surface of oxygen 
responsible for passivity, 
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DEOXIDIZING CAPACITY OF CARBON IN VACUUM 


A. M,. Samarin, Corresponding Member of the Academy of Sciences, USSR, 


and R. A, Karasev 


The reactions between carbon and oxygen in liquid iron. described by the following equations: 


IC] + £10] = 
[4c] [40] 


are the fundamental reactions involved in steel manufacturing, 


The coefficient x in Equation (1) is determined by the ratio of COto CO, in the reaction, The value of 
x increases from 1 to 2 when the composition of the reaction products passes from pure carbon monoxide to 
pure carbon dioxide [1]. 


The determination of the equilibrium constant of the reaction showed that the deoxidizing capacity of 
carbon, fixed by the product [% C]+[%O}, depends on the pressure, and for a pressure of one atmosphere it can 
be represented by curve I of Fig, 1[ 2]. 
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Fig. 1, I) Pressure of 1 atm; Il) pressure of 0.1 atm; 


Ill) pressure of 0,01 atm. a) Vacuum of (1-5)-107? 
mm Hg; b) vacuum of (5-7)+107® mm Hg. 


Insofar as in Equation (1) the variation of the number of moles of gaseous substances is equal to unity, the 
equilibrium constant is a single function of temperature, Consequently, the deoxidizing capacity of carbon is 
inversely proportional to the pressure of the gaseous phase, i.e,, a decrease in pressure from 1 atin to 0,1 atm or 


: 


0,01 atm must correspondingly increase the deoxidizing capacity of carbon 10 or 100 times, Assuming this 
mechanism of the reaction, one may conclude that under the conditions of modern vacuum technique the de- 


oxidizing capacity of carbon should be raised up to values exceeding the deoxidizing capacity of strong deoxidiz- 
ing agents such as aluminum and zirconium [3-6]. 


Experiments on fusion of carbon-iron alloys contradict this conclusion however, because when the pressure 


of the gaseous phase is below one mm Hg the deoxidizing capacity of carbon becomes, for practical pur- 
poses, independent of pressure, 


We have performed a series of experiments to determine the variation of the deoxidizing capacity of car- 
bon as the function of pressure; in these experiments liquid iron, containing different concentrations of carbon, 
was maintained at a given temperature in high vacuum until the attainment of equilibrium conditions between 
carbon and oxygen dissolved in liquid iron, 


The experimental method was based on the assumption that when equilibrium is being reached by de- 
oxidation the composition of the gaseous phase above the liquid metal has no appreciable effect on the equili- 
brium state, This assumption was verified in the case of fusions performed in an atmosphere of argon under a 
pressure of 1 atm, The results of these preliminary fusions are represented in Fig. 1. The comparison of these 
results with those illustrated by curve I, corresponding to the equilibrium with the gaseous phase composed of 
CO and COg, shows that the results obtained by deoxidation in the atmosphere of argon confirm our assumption, 


Experimental fusions under the pressure of (5-'7)-10"® mm Hg were performed in a resistance furnace 
evacuated with the aid of the VA-0.5-1 installation, The heating element was a molybdenum coil fixed in a 
special ceramic holder of beryllium oxide, Experimental fusions under the pressure of (1-5)+10°* mm Hg were 
performed in a high-frequency furnace connected to a 15 kw generator, In both cases the temperature was 
measured with a Pt— PtRh thermocouple, The temperature was measured to a precision of + 5° in the case 
of the resistance heating and 4 15° _ in the case of high-frequency heating, 


We tried the MgO, Al,O3, ThO,, ZrO,, and BeO crucibles in our experiments, Spectral analysis showed 
that the crucible material reacts with the liquid metal so that it becomes impossible to determine the real 
deoxidation power of carbon in liquid iron, In the case of corundum, however, it was found that if the same 
crucible is used over and over again, the amount of aluminum dissolved in liquid iron decreases sharply after 
the first fusion, After 3-4 fusions in the same crucible the material of the crucible becomes practically inert 
with respect to liquid iron containing up to 0,8-1,0% C, 


Consequently, all the results reported in Table 1 are relative to experiments performed in crucibles which 
underwent the treatment mentioned above, The presence of aluminum was checked in samples 15, 17, 19, 114, 
115, 118, 119, 212, 214, 218, and 219; spectral analysis revealed the presence of small amounts of aluminum 
only in samples 114, 115, 118, and 218, 


The results presented in Table 1 show that the deoxidizing power of carbon, determined experimentally 
at 1590° , is considerably lower than that calculated on the basis of the reaction equilibrium constant, Further- 
more, the positions of the experimental points on Fig, 1 indicate that the results obtained under pressures of i 
and 10 © mm Hg fall satisfactorily on the same curve. In other words, within this range of pressures a 10*-fold 
change of pressure does not affect the deoxidizing power of carbon in liquid iron, It is important to note another 
fact, namely that the effect of vacuum on the increase of the deoxidizing power of carbon is not the same for 
different concentrations of carbon in liquid iron, 


The results obtained are quite satisfactory for a reaction taking place in a liquid metal solution with the 
formation of a new gaseous phase, The divergence between the calculated and the experimental values of the 
deoxidizing power of carbon in vacuum is due to the incorrect interpretation of the parameter Pco, in Equation 


(1a), During the reaction between carbon and oxygen in liquid iron the value of Pco is determined by three 
factors: barometric pressure above the metal; pressure due to the column of liquid metal at a given depth of 
the bath; and pressure induced by the forces of surface tension on the surface of the gas bubble of radius r : 


Poo, = Pyt yh +72. (2) 
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Here P}, represents the barometric pressure above the metal; y is the density of the liquid metal; h is 
the depth of the metal bath at the level at which the gas bubbles are formed; g is the surface tension of the 
liquid metal; r is the radius of the gas bubble embryo, 


TABLE 1 
Effect of Pressure on the Equilibrium Between Carbon and 
Oxygen Dissolved in Liquid Iron (1590°) 


Sample | Fressure Duration 1% O} 
No. |(mmHg) [%EXDt | 2 


|average 


760 Ar 20 |0,24 |0,0113]0,0107/0,0110 

42 Ar] 760 Ar 30 |0,03 |0,0800/0,0780|0,079 
43 Ar| 760 Ar 40 {0,07 0,0236|0,0252/0,0244 
14 760 Ar ,01 |0,1272)0, 1278)0, 1275 
15 | (5—7)-10-8 {0,0012/0,0017/0,0015 
16 | (5—7)-10-8 ,005 0910/0, 0880 
28 | (1—5)-10-2 ,07 |0,0017|0,0019/0,0018 
29 | (1--5)-10-2 ,08 {0,0018|0,0018/0,0018 


38 


2410 | (1—5)-10-2 
241 | ({—5)-10-2 
242 | (1—5)-10-2 


0,0294)0 ,0286/0 ,0290 
0, 0021/0, 0025/0 ,0023 
0,0015/0,0017/0 ,0016 


ow 


213 | (L—5)-10-2 ,08 |0000170,0017|0,0017 
214 | (1—5)-10-2 2 0019 
215 | (1—~5)-10-2 ,49 |0,0014/0,0013|0,0014 
218 | (1—5)-10-2 ,95 |0,0011|0,0014/0, 0014 
219 | (t—5)-10-2 |0,0010|0,0010|0, 0010 
17 | (5—7)-10-6 ,008 [002300 0230/0 , 0230 
18 | (5—7)-10-8 ,045 {000200 ,0022|0,0021 
19 | (5—7)-10-8 ,45 


110 | (5—7)-10-6 
441 | (5—7)-10-8 
412 | (5—7)-10-6 
113 | (5—7)-10-8 
114 | (5—7)-10-8 
415 | (5—7)-10-8 
116 | (5—7)-10-¢ 
118 | (5—7)-10-¢ 
119 | (5—7)-10-8 


,61 ,0009)0 , 0008 
0 ,0009)0 , 0009/0 ,0009 
,05 |0,0024/0, 0025/0 ,0024 
0,072 |0,0020)0, 0028/0 ,0024 
1,13 |0,0009)0,0009)0 ,0009 
3,43 |0,0016/0,0016/0,0016 
0,165 0014/0, 0018/0 ,0016 
1,75 |0,0008/0,0010)0 ,0009 
0,40 |0,0019/0,0022/0, 0020 
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Equation (2) shows that PCO, becomes equal to 2o/r when Pp and h tend toward zero, i.e., the de- 


oxidizing power of carbon in vacuum is determined by the magnitude of the surface tension of the liquid metal 
and by the size of the gaseous embryo formed within the liquid metal, 


From Equation (2) it follows that the effect of vacuum on the deoxidizing capacity of carbon is determined 


. When yh+ *2 >» Py, no further decrease of 


the barometric pressure above the metal can change the value of Poo, and therefore it cannot affect further 


by the relationship between the values of Pp and yh+ 


increase of deoxidation power of carbon in liquid metal. For the practice of deoxidation of steel by carbon in 
vacuum it is of interest to determine the maximum rarefication in the furnace for which further increase of 
vacuum becomes irrational from the point of view of deoxidation, 


The results represented in Fig. 1 show that within the range of carbon concentrations investigated the 
minimum value [% C]+[%O] is located in the vicinity of 0,1 atm, Considering the value of Poo, corresponding 


to this pressure one can conclude that for complete deoxidation of liquid iron by the carbon dissolved in it, the 
pressure in the furnace must be 1-2 mm Hg, a diminishingly small value as compared to 0,1 atm, 
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THE STRUCTURE AND STRENGTHENING EFFECT OF COLLODIAL SILICIC ACID 
AS A FILLER FOR SYNTHETIC CAOUTCHOUC 


B, Dogadkin, K, Pechkovskaia, and E, Gol’'dman 


(Presented by Academician P, A, Rebinder, December 25, 1957) 


The problem of the reaction of caoutchouc and filler has been studied in great detail. In spite of this 
many essential sides of this process remain unclarified, In particular, the effect of the filler's structure and 
the character of its distribution on the strengthening factor has hardly been studied, 


It was shown [1] that active carbon blacks, capable of strengthening caoutchouc, form thixotropic structures 
in which the carbon black particles come into contact with each other to a certain degree (lattice structures), 
The non-strengthening carbon blacks form systems in which the carbon black is relatively evenly distributed in 
the form of primary or secondary particles in the caoutchouc medium, Therefore, there is an interrelation 
between the character of carbon black distribution and the strengthening effect, 


TABLE 1 


Tensile Relative Residual | Resistance 
strength, | elongation, | elonga- | totearing, 


kg/cm? tion, % | kg/cm 


Active 115.7 34.6 43,3 
Average activity 69.0 37.0 34.0 
Inactive 39.4 16.0 27,0 


Characteristics of 
filler samples 


This investigation was aimed at studying the character of the distribution of colloidal silicic acid in 


sodium- butadiene caoutchouc as the former is an example of the new class of fillers which have recently 
acquired practical value, 


The choice of the substance to be investigated was also determined in this case by the fact that the same 
raw material and the same method, changing only the conditions of the technological process, gave samples of 
colloidal silicic acid that had considerably different strengthening effects, This made it possible to compare 


active and inactive fillers which were much more similar to each other than all the samples of carbon blacks 
investigated earlier, 


For the investigation we prepared a series of collodial silicic acid samples, with high, medium, and low 
strengthening effect in rubbers of sodium- butadiene caoutchouc (Table 1), The chemical composition of these 
samples was practically identical, They also differed very little in specific surface, pH and a series of ad- 
sorption characteristics (toluene, stearic acid, caoutchouc adsorption) (Table 2). 


However, the rubber mixtures prepared from the sodium- butadiene caoutchouc and containing the samples 
investigated, were very different in structure and in the physicomechanical properties of the vulcanizates, 


The high solubility of colloidal silicic acid in dilute sodium hydroxide solution, in contrast to caoutchouc, 
which is insoluble in it, was used for studying the structure of the mixture, After boiling a mixture in such a 
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solution, we then measured the amount of filler that had passed into solution, It was found that the more active 
a colloidal silicic acid the more rapidly and fully it was removed from the mixture with caoutchouc, In analogy 
with bentonite[2] and carbon black [3] mixtures, one can assume that the particles of the more active colloidal 
silicic acid are capable of forming chain structures which allow the solvent to penetrate the mixture readily and 
the solution of silicate to be removed from it, just as readily, When there was no solution it was assumed that a 


TABLE 2 


Characteristics | Sp, surface, | Toluene ads,,{ Stearic acid ads,, | Caoutchouc 
of filler samples} m*/g mmole/g mmole/g ads., g/g 


Active 61.8 9.4 0.47 0,13 8.7 
Average 

activity 8.8 8.4 
Inactive 50.3 1.7 0.56 0.108 10.0 


pH 


more or less thick caoutchouc layer between the isolated silicic acid particles hindered the diffusion of the 
solvent to the filler particles, It should be noted that the degree of solution in an aqueous medium of NaOH 
is the same for active and inactive samples, 


% kg/cm? % % kg/cm? 
100 112 


80 130 \ 500 
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Silicic acid content, vol, % x 


of caoutchouc 40 60 00% 


Fig. 1, The relation between the filler and Lixiviation coefficient 

lixiviation coefficient of active and inactive 

silicic acid from three component mixtures Fig. 2, Relation between lixiviation coefficient 

containing inactive (1) and active (2) silicic and physicomechanical properties of vulcanizates, 

acid, 1) Tensile strength; 2) relative elongation; 3) 
residual elongation; 4) resistance to tearing. 
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To characterize the degree of filler participation 
in the structure of the mixture, we used a “lixiviation coefficient," which specified the fraction of the total 
filler content of the mixture passing into an alkali solution, 


Figure 1 shows the relation of the lixiviation coefficient to the amount of filler for colloidal silicic acid 
samples with the greatest strengthening capacity (active sample) and the least strengthening capacity (inactive 
sample), As can be seen, the active silicic acid was lixiviated completely with a degree of filling (about 35 
volumes per 100 weight parts of caoutchouc) at which the inactive sample, under the same conditions, remained 
practically insoluble, This confirmed the difference in the character of the distribution of the two silicic acid 
samples investigated in sodium- butadiene caoutchouc, 


It is interesting to note that after removing the active silicic acid with alkali, the residual sample of crude 
rubber mixture remained as insoluble in an organic solvent as before alkali treatment, 


The fact that an active sample was removed much more readily from the mixture with alkali than an 
inactive one cannot be explained by the formation of a different amount of caoutchouc — filler gel as then one 
would have to assume that the active sample bonded the caoutchouc to a lesser degree than the inactive one, 
but this would contradict the existing concepts on the interaction of caoutchouc and filler, 
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It appears to us that the data obtained, as well as the results of earlier papers [1, 4, 5], indicate that, be- 
sides the bonds between caoutchouc and filler [6, 7] in the structure of the insoluble caoutchouc — filler gel, the 
cross-links between the polymer molecules themselves have a considerable effect, 


TABLE 3 


Heating tem- Ignition Lixiviation co- | Tensile Relative Residual Resistance to 
perature, °C “—" efficient after | strength, | elongation,| elongation, tearing, 


10 hrs., % kg/cm? o kg/cm 
100 111.5 30,8 39.3 
91.0 115.6 54.0 50.9 
12.5 52.8 17.0 17.7 


A study of the physicomechanical properties of vulcanizates, containing the colloidal silicic acid samples 
being investigated, showed that the higher the lixiviation coefficient of a filler from the given system, the higher 
the stability characteristics of the vulcanizate, These data are shown in Fig, 2, 


% All the samples tested may be divided into three groups by 
0° degree of activity: a) inactive samples, whose lixiviation co- 
efficient is less than 25%; b) samples of average activity, whose 
ca lixiviation coefficient is 40-50% and c) active samples, whose 
2 lixiviation coefficient reaches 70-100%, A considerable majority 
i“ | of the samples investigated are distributed in the same order by 
ee a za the physicomechanical indexes of the corresponding vulcanizates, 


190 


The activity of a colloidal silicic acid sample may be 


ta ) considerably decreased by heating it at 600°, These results are 
f 4 min 
shown in Table 3, 


Portion dissolved 


Fig, 3, Solution kinetics of technical The relatively low temperature at which the observed 
silicic acid: 1) Active, 2) in- changes occurred indicates the known instability of the crystal 
active, lattice of silicic acid, that is probably connected with precipita- 
tion conditions, Apparently at 600° recrystallization occurs and 
as a result the elementary crystals making up the lattice change 
into another, more stable crystalline form: this change is 


accompanied by a loss in activity of the material as a caoutchouc 
strengthener, 


The unstable state of the crystal lattice of the active sample 
must be reflected in a series of properties of the material and, in 
particular, in its behavior to solvents, With this in mind we in- 
vestigated the solution kinetics of technical (active and inactive) 
and dialyzed (active and inactive) colloidal silicic acid in an 
aqueous sodium hydroxide solution at various temperatures, 


Portion dissolved 


351 2 30 40 SD min As Figs. 3 and 4 show, a technical, active sample in a 1% 
NaOH solution dissolved at a slower rate than the inactive sample 
: t all the t t i tigated, On the contrary, an active 
sample, purified electrodialitically, dissolved more rapidly than 
silicic acid, 1) Active, 2) inactive. 
an inactive sample subjected to the same purification, Thus, im- 
purities adsorbed on the surface of silicic acid retarded the solution 
of an active modification more than an inactive one, After these impurities had been removed electrodialitically, 
the active sample dissolved, as we had expected, at a greater rate than the inactive sample, 


This difference in the solution rates of dialyzed substances of the same chemical composition indicates a 
difference in the structure of the elementary cell, which is less stable in the case of the active sample, The latter 


may be due to the presence of deformation or defects caused by foreign atoms or ions caught in the precipitation 
of silicic acid from solution, 


400 10.5 
600 12,4 
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THE AFFINITY OF HYDROGEN AND SATURATED HYDROCARBONS FOR PROTONS 


E, Le Frankevich and V. Ly Tal‘rose 


(Presented by Academician V, N, Kondrat'ev, October 24, 1957) 


The affinity of molecules for a proton, P, is a very important thermochemical constant, However, direct 
experimental data on the affinity for protons, obtained by electron collision, were known only for unsaturated 
compounds until recently, 


The existence of a positive affinity of hydrogen and methane for a proton is due to the existence of the 
stable ions Hy [1] and CHg [2], There is no information in the literature on "onium" ions of methane homologs, 
A paper by one of the authors [3] reported that when molecular ions of ethane, propane and butane collided 
with the molecules of these substances, the corresponding "onium" ions were not formed, This paper, as well 
as the one by Stevenson and Schissler [13] gave an evaluation of the lower limit of Pyj,. Hirschfelder [4] and 
Barker and Eyring [5] calculated theoretically the energy of the Hy ion, Simons et al, [6] obtained the value 
of Pu, using Hirschfelder's calculations from the relations governing the interaction between H* and Hg, found 
in experiments on the scattering of protons in hydrogen [6], In this paper we give the results of experiments on 
the determination of the affinity of hydrogen, methane, ethane and propane for protons, using the method of 
ion collision developed by the authors [7], 


The experiments for detecting the reactions that lead to the formation of secondary Hj ions were carried 
out on a MS-1a mass-spectrometer [8], The energy of the ionizing electrons was equal to 50 ev. In experi- 
ments with different gas pressures in the ion source we investigated the following reactions: 


(1) Hy Hy +H; @) + C,H, Hy + Hj + C,H; 
(4) Hj; +C,H,; (5) H, +C,Hj Hj +C,H,. 


It was shown that the addition of acetylene to the ion source, containing hydrogen at a pressure of approxi- 
mately 10™* mm Hg did not increase the yield of Hf ions, Under these conditions Hy ions were formed only by 
Process (1), However, the addition of ethane to the ion source under similar conditions, increased the Hy ion 
current; this indicated that besides (1), at least one of the two processes, (4) and (5), also occurred, To evaluate 
the maximum values of the Hg molecules affinity for protons, the authors used the following values for the 
dissociation energy and ionization potentials of the molecules: D(H.) = 103.2 kcal/mole, D (C,H; — H) = 96 


kcal/ mole [9], D(CgH— H) = 121 kcal/mole [9], I(Hg) = 15.43 ev, = 11.43 ev [10], = 11.76 ev 
(10). 


As, in accordance with the laws governing the ion collision method, the heat effect of the ion- mplecule 
reactions, detected mass-spectrometrically, is either positive or equal to zero, and that of the undetected ones 
is negative, then using experimental data on Reactions (1) - (5) and the energy magnitudes given above, we 
may write the following series of inequalities, which determine the limits of the permissible values for proton 
affinity: 1) => 61 kcal/mole; 2) PH < 79kcal / mole; 3) < 171 kcal/ mole; 4) Pe > 54 
kcal/ mole, 


The inequalities 1) and 2) determine the narrowest range of possible values of Py: 61 kcal/mole < 
= Py, < 79 kcal/mole, Taking the average of the two possible limiting values, we obtain Pyy,=70 + 9 
kcal/ mole, It is interesting that this value, calculated from data in[4] and[(5], and the experimental value 
of D(H,) is 81 and 77 kcal/mole, while Simons gives 69,2 kcal/ mole from his experiments, 
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All further experiments were carried out on a special high sensitivity mass-spectrometer which made it 
possible to measure accurately the appearance potentials of the ions[11]. To determine the affinity of a methane 
molecule for a proton, we investigated the following 


Jor ) processes, in which CHg ions may be formed: 


che 


(6) CH, — cHy + CHs3; 
CH (7) + GH CHS + 

x92 5 

(8) + H,0+ + + OH; 

(9) CH} +H,O + +0H; 

(10) CHy+H + H; 

Electron energy (not corrected) (12) + +CsHs; 


(13) CsH, + + 


divisions 


lon current in scale 


Fig. 1. Curves of CHj{ and CH? ion appearance 
from methane, The number beside the curve of 
CH,* appearance is a coefficient, by which the Reaction (6) was identified by comparing the 
appropriate coordinates should be multiplied so appearance potentials of CH{ and CH ions, The 
as to compare the appearance curves, corresponding appearance curves are shown in Fig, 1. 
Prource * 1074 mm Hg. Prous On adding ethane to the ion source, the appearance 
= 2-107 mm Hg potential of the CH? ion did not change. This 

‘ meant that Process (7) was endothermal, 


Processes (8) and (9) were checked experimentally with an increased water vapor pressure in the ion 
source, Ionization was carried out with 14 ev electrons, Under these conditions the only primary ions in the 
ionization chamber were CH{ and H,O*, An increased water vapor pressure did not increase the yield of CHe 
ions, The 17 amu ion current remained constant and was due to isotopic methane ions and secondary CH 
ions, formed during Process (6), The addition of hydrogen to the ion source, containing methane, increased the 
yield of CH ions (Fig. 2), This increase, apparently, was due to at least one of the two processes (10) and (11). 
An analogous experiment was carried out with propylene 

; added to the ion source (Fig. 3), The increase in the 
° CHa cHy ion current was in this case due to at least one 
of the two processes, (12) and (13), * 
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The limiting values of the affinity of methane 
alll for a proton, PCHy calculated on the basis of data 
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Fig. 2, The relation of the yield of CH¢ ions to 
hydrogen pressure, The ion source contained a Fig. 3, The relation of the yield of CH¢ ions to 
mixture of CH,— Hy, The gas pressure in the ion propylene pressure, The ion source contained a 


source was a factor of approximately 10° less mixture of CHy— CsHg; P,., cn," 50 mm Hg. 
than the pressure in the gas reservoir, 


obtained for the processes of CH¢ ion formation, gave the following inequalities: 6) Poy, = 114 kcal/mole; 
7) Por, <, 139 kcal/mole; 8) PCH, < 129 kcal/mole; 9) PCH, < 139 kcal/mole; 10) PoHy = 61.2 
kcal/mole ; 11)" Poy, = 91 kcal/mole, 


* As Processes (10), (11), (12), and (13) were not investigated separately, we can only attribute the increase in 
the secondary ion current to that process which gives the least value for PCHy 
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Inequalities 6) and 8) determined the narrowest limits: 114 kcal/mole < PCH, < 129 kcal/mole, 


In the calculations, besides the values given above for D(H,), D(C,H,— H), I(H,), 1(C,H,), we used the 
following magnitudes: D(CHs— H) = 101 kcal/mole [9], D(HO— H)=116 kcal/mole [9], H) = 77 
kcal/mole [12], 1(CHy) = 13,04 ev[10], I(H,O) = 12,62 ev [10], I(CsH,) = 9.84 ev (10). 


We looked for the "weighted" C,H} ions during the collisions of ions or ethane molecules with the 
molecules and ions of various hydrocarbons, as well as hydrogen, The following collision processes were in- 
vestigated: 

+ iso-CyHig; + 


The addition of any of the gases mentioned to the ion source, containing ethane, did not increase the 
ratio of the ion currents at 31 and 30 a mu and the latter remained equal to the ratio of the corresponding 
isotopic ethane ion currents (2.3%), Consequently, no C,Ht ions were formed in any of the processes, The 
CyHg+ Hz" process gave the least possible value for the upper limit of an ethane molecule's affinity for a 
proton, This gave Pc.y, < 61 kcal/mole, 


We looked for CsH3 ions during the ionization of propane and of a mixture of propane with hydrogen, 
with methane and with ethane, It was found that CsHj ions were not among the products of the processes: 


C;H¢ + H,, CsH, + Hy, 


+CHy, CsH,+ + 


The process CsHg + Hy gave the least possible value for the upper limit of Pc sHe° Thus, PCsH, < 61 kcal/mole, 


Strictly speaking, detection of all the ion- molecule processes mentioned in this article is possible, in the 
apparatus used by the authors, not only in the cases when these processes were thermoneutral or exothermal but 
also when the processes were endothermal by 1-2 kcal/mole, This results in a decrease in the values found 
by 1-2 kcal/mole. 


The great difference found between the affinity of methane and its homologs for protons was extremely 
unexpected and requires a theoretical explanation, 
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THERMOPHORESIS IN MOVING AEROSOLS 


N. A, Fuks and S, S,. Iankovskii 


(Presented by Academician A, N, Frumkin, January 2, 1958) 


The problem concerning the magnitude of the forces acting upon the aerosol particles in a nonuniformly 
heated medium was solved for two limit cases: for very large and for very small values of d/) , where d re- 
presents the size of the particles and ) the mean free path of the gas molecules, When d « ) the presence of 
particles does not disturb the distribution of the molecular velocities, the temperature gradient within the particle 
is small and can be neglected, The force acting upon a particle results from the difference in the mean velocities 
of the gas molecules bombarding the particle from all sides, In the case of a spherical particle of diameter d 
the resulting force, independent of the nature of the particle (if one neglects the small effect due to the differences 
in the accommodation coefficients of the molecules and one considers it as equal to unity), is equal to: 


(1) 


where p is the pressure of the gas, T is the absolute temperature, and G is the temperature gradient in the 
gas (1, 2). 


When d > }, the temperature gradient plays the most important role on the surface of the particle, in- 
ducing (according to Maxwell) a sliding of the gas along the surface, According to Epstein [3] the force resulting 
from friction between the particle and the gas is equal to: 


2, 
9nBy2dG 


oa: (2) 


where n is the viscosity of the gas and y is the density of the ga, B=y_ /(2x,+ x,), X,and x, are the 
thermal conductivity of the gas and of the particle, 
When d >}, F is equai to the resistance of the medium and the velocity of thermophoresis, i,e,, the 


motion of particles in the field of the temperature gradient, will be expressed by the following relationship: 
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where » is the kinematic viscosity of the gas, When d< } the resistance of the medium is equal to 
—*/,x;cd°V, where € is the average absolute velocity of the gas molecules, k a coefficient whose value 


varies from 1,0 to 1.44[4], Consequently: 


_ 


= —. (4) 
8xycT 


Assuming Pp = */3°¥ (c)?, 4= Yych (9 is a numerical coefficient varying from 0,3 to 0,5), we obtain: 
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Thus, in the two limit cases the velocity of thermophoresis is independent of the particle size, Since in 
the majority of cases 8 « 1, the velocity of thermophoresis, except in the case of particles of very poor heat 
conductors, must be considerably higher for d « ) than ford >>}. Ford s } the theory of the phenomenon 
is very complex; no work has been done in this direction, 


For our experimental study of thermophoresis we used the Milliken condenser in which the upper wrapping 
was at a higher temperature than the lower [5, 6], i.e., the experiments were performed in still medium, We 
measured the velocity of thermophoresis with drops of nonvolatile organic liquids 0.8-4.0 4 in diameter, The 
results obtained were in good agreement with those provided by Formula (3); when the diameter of the drops was 
smaller than 1p (d< 14 ) it became necessary to introduce the Cunningham correction factor into the formula, 


Thermophoretic precipitation of aerosols from circulating gases has a great importance in technology; dust 
deposited on the walls of refrigerating units, boiler pipes, etc., from the circulating hot dusty gases usually has 
low thermal conductivity and is difficult to eliminate, The functioning of one of the most important apparatuses 
for the investigation of aerosols— the thermoprecipitator— is based on the thermophoresis in gas currents; in this 
apparatus the aerosol is passed through a narrow slit located between massive metal blocks in the middle of which 
is stretched a heated metal thread or ribbon perpendicular to the direction of the current, The aerosol precipitates 
on transparent underplates, in the form of narrow strips, located on the surface of the blocks, 


In studying the functioning of this apparatus with a number of polydispersion aerosols we observed that the 
smallest particles are deposited mainly at the front edge of the strips (directed against the current), while the 
largest particles are deposited mainly at the back edge of the strips, The dispersional composition of the deposit 
varies continuously between the front and the back edge so that the ratio of the number of particles belonging to 
neighboring fractions changes in favor of the larger fractions (see Fig, 1), This phenomenon was observed for all 
particles whose diameter was between 0,05 and 6 u, with the following substances: aerosols obtained by pulverizing 
NaCl or India ink solutions with subsequent drying of the drops, or by blowing air over a quartz powder, and PbO 
fumes obtained by distilling galenite in an air current, The conditions for precipitation were the following: the 
cross section of the slit= 0.6 x 9 mm,the thickness of the nickel wire = 0,2 mm, the heating current = 1,2- 1.5 
amp, the sucking rate = 5 - 10 ml/sec, which corresponds to an average linear speed of 2-4 cm/sec, The 
aerosol was sucked directly into the slit and moved vertically upward, The precipitation was done either on 
cover glasses (for optical microscopy) or on screens with colloidal films (for electron microscopy), It must be 
noted that the sucking velocity used in the apparatus allowed 20-30 yu particles to be sucked in, however, the 
maximum size of the particles in the deposit did not exceed 6-7 pw, It is well known that the efficiency of pre- 
cipitation in the thermoprecipitator drops rapidly with the increase of the particle size, starting with d w 5 uy. 
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Fig. 1, Electron-microscope photographs of the NaCl aerosol precipitate in the thermo- 
precipitator, a) At the front edge, b) in the middle of the precipitate, c) at the 
back edge, 


The phenomenon described, showing that in a moving medium the thermophoresis rate drops with increase 
in particle size even in the area where Formula (3) is applicable, could not remain unnoticed by the many re- 
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searchers working with this apparatus; but strange as it may seem one finds in the literature only side remarks 
that the distribution of particle sizes in the precipitate of the thermoprecipitator is not completely uniform, The 
same contradiction with the Epstein theory was found in the recently published work by Schadt and Cadle [7]; these 
authors studied the precipitation of aerosols of very different heat conductivity in the thermoprecipitator and 
found that the effect of thermal conductivity on the precipitation is considerably smaller than that predicted by 
Formula (3), Since in the case of a still medium this formula is confirmed by experiment, the cause of the 
contradiction must lie in some effects relative to the motion of the aerosol, Let us investigate a few of these 
effects, 


Inertia of the particles opposes their precipitation, However, the magnitude of the “inertial path” of the 
particles (8), characterizing the deviation from the trajectories of the particles due to inertia, was equal in our 
experiments to 1-2 for 4 NaCl particles, Such deviation is insignificant when the region of the temperature 
gradient is equal to a few hundreds of microns, The rotation of particles induced by the velocity gradient of the 
current opposes the creation of a temperature gradient within the particle, In our experiments the maximum 
values of © were of the order of 1000 sec™4, which corresponds [9] to a rotation period of approximately 0,01 
sec; while the time of the temperature relaxation of NaCl particles of d= 4, is equal to 3° 10 ’sec[10), The 
value of the Brownian motion of the particles is even smaller, When the particles move parallel to the walls, 
at a small distance from the wall, a repulsion force from the wall equal to F = fj wa" Ty d’v"[11) is created if 
the Re numbers are low, In the case of NaCl particles described above, this force, induced by sedimentation of 
particles, is equal to 8+ 1s dynes, Under ordinary conditions of functioning of the thermoprecipitator, G has 
a value of the order of 5000 degree/cm while the thermophoretic force is, according to Formula (2), of the order 
of 10°* dynes, Thus, none of the effects investigated explains the phenomenon described above, It also con- 
tradicts the experiments performed by Kogan and Repina [12], who investigated the upward motion of aerosols in 
a vertical capillary tube, i,e,, in the absence of thermophoresis; they observed that the precipitation of aerosols 
on the walls of the capillary tube increases with the particle size (beginning with d=0,5 y), 
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THE SYNTHESIS OF SUBSTANCES IN WATER, SATURATED WITH THE GASES OF 
A REDUCING ATMOSPHERE, UNDER THE EFFECT OF ULTRASONIC WAVES 


I, E, El*piner and A, V. Sokol'skaia 


(Presented by Academician A, 1, Oparin, December 19, 1957) 


In this article we present data showing that the propagation of high intensity ultrasonic waves in water, 
even in the absence of oxygen, produces chemical processes accompanied by the synthesis of a series of new 
substances, 


In accordance with the widely accepted, so-called cavitation, electrochemical theory [1-3], as a result 
of the high electrical voltages arising electronic disruption occurs in the cavity [4] and this produces ionization 
of the water molecules, which are present here in the vapor state, The ionized water particles almost immediately 
decompose into free radicals with unsaturated valences and atomic hydrogen (HJO—> 4H + OH) as occurs in the 
interaction of ionizing radiations with water, 


If in the cavity there are actually moving charges, capable of ionizing water molecules, then we are 
justified in expecting that molecules of gas diffusing there are also able to undergo this process, Starting from 
these premises, in 1950 one of us [5] conducted special experiments which showed that the dissociation of iodine 
occurred in water saturated with gaseous hydrogen and molecular iodine, under the effect of ultrasonic waves. 
This process was apparently brought about in the cavity, into which molecules of iodine diffused, together with 
gaseous hydrogen. The ionization (or dissociation) of iodine was closely connected with the parallel ionization 
(or dissociation) of hydrogen. Later Henglein [6] also observed that iodine was reduced in water saturated with 
hydrogen and molecular iodine under the action of ultrasonic waves, 


Recently, we showed that other gases also were activated (dissociated) in water by ultrasonic waves, For 
example, we found that in the presence of ultrasonically treated water, hydrogen and nitrogen formed ammonia, 


The treatment of water with ultrasonics in the presence of nitrogen and hydrogen was carried out in glass 
vessels with an ultrasonic wave intensity of 6-7 watts per cm? of the irradiated surface (oscillation frequency of 380 
380 and 750 kHz), The volume of distilled water treated was 10 ml, The water studied was first saturated si- 
multaneously with gaseous nitrogen and hydrogen, carefully freed from traces of oxygen, 


For thorough purification of the nitrogen to remove oxygen, we used the method developed by L, M, Kan- 
torovich and F, M, Rapoport [7], in which dried, heated gas is passed through a column with a preparation con- 
sisting of copper precipitated on silica gel, The hydrogen, which was prepared in a Kipp's apparatus, was puri- 
fied by passing it through an alkaline solution of pyrogallol, As a result of this treatment the water saturated 
with the gases did not contain sufficient oxygen to be detected polarographically, 


The ammonia content of the water before and after ultrasonic treatment was determined quantitatively 
with Nessler's reagent (see Table 1), 


As Table 1 shows, the amount of ammonia formed increased with an increase in the time of ultrasonic 
treatment, With the water saturated with only nitrogen it was only after prolonged ultrasonic treatment (120 
min) that ammonia appeared in extremely small amounts, Extremely small amounts of ammonia were also 
formed during prolonged ultrasonic treatment of water in the presence of oxygen and nitrogen, which also agrees 
with some literature data [8], Oxides of nitrogen were formed predominantly during ultrasonic treatment of water, 
saturated with nitrogen, in the presence of oxygen, 
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It is important to note that the presence of carbon monoxide in the gas mixture of nitrogen and hydrogen did 
did not inhibit the formation of ammonia in ultrasonically treated water, We added carbon monoxide by decom- 
posing oxalic or formic acid with gentle heating in the presence of sulfuric acid, 


TABLE 1 It was then discovered that on adding carbon monoxide 
Synthesis of Ammonia in an Ultrasonic to the N, + H, gas mixture in the ultrasonically treated water, 
Wave Field hydrocyanic acid (as well as ammonia) was formed and this 
was determined by Gin’iar* method [9], which is based on 


in y the conversion of jpicric into purpuric acid in the presence 
of the vapor of hydrocyanic acid, 
He No+@O “= Many investigations showed that ultrasonic treatment 
i of water (3 hours treatment) in the presence of Ng, CO, and 
Hg produced from 1 to 10y of HCN, Hydrocyanic acid was 
0.0 not observed in water treated with ultrasonics in the presence 
120 | — |0,62| 2,6 — os of oxygen or nitrogen alone or a gas mixture of N», and Hg. 
180 | — | —| 8,7 — 0,62 
is0 | —|—|] — 7,8 Hydrocyanic acid was also synthesized in an ultrasonic 
wave field when the carbon monoxide was substituted by 
180 | —| —/ 90% 6.5 +e ae, methane in the gas mixture used, i,e,, in the presence of 
360 12,5 Ng, Hg, and 
Later we were able to establish that formaldehyde was 
* The ultrasonic treatment was performed formed in water treated with ultrasonics if the water con- 
in 0.1 N HCl, tained hydrogen and carbon monoxide, The method we used 
** The ultrasonic treatment was performed for determining the formaldehyde was based on the reaction 
in 1% succinic acid, of the latter with phenylhydrazine in an alkaline solution of 
KsFe(CN), [10]. The amount of formaldehyde formed was 
TABLE 2 determined quantitatively with an SF-4 spectrophotometer 
Synthesis of Formaldehyde in an Ultrasonic — 
Wave Field As Table 2 shows, 26 y of formaldehyde is formed 
=| Amt. of formaldehyde formed in per ml of water in water treated with ultrasonics for 180 
ere y (1076 g) per ml of water minutes in the presence of H, and CO; almost no formalde- 
$36 with| with | with H,e| with | with hyde was found in water treated with ultrasonics in the pre- 
ERY Hy H,+CO+CO+ Ne | air co sence of air, Formaldehyde was also formed under the 
oat effect of ultrasonic waves in the presence of Hz, CO, and 
ey ee ae 0 0 0 N,. Under these conditions NH, and HCN were synthesized 
60|}— | 5,6 1,8 — {4,0 simultaneously with the formaldehyde, and the amounts of 
these increased as the time of ultrasonic treatment increased, 
180 | — | 26,4 st pias) pil The appearance of these products may lead to further syn- 


thesis of substances of biological importance as occurs under 
the effect of electrical discharges and ultraviolet irradiation 
(11, 12]. 


The data we obtained indicate that acoustic and ultraacoustic oscillations, together with other physical 
agents (ultraviolet rays, electrical discharges and radioactive decay) may provide a source of energy for the 
synthesis of the basic products used as materials for the construction of living organisms in the primordial period 
of existence of our planet, This proposition agrees completely with the theory of A, I, Oparin [13] on the origina- 
tion of life on earth, A quantitative evaluation of the acoustic energy, which was produced and is being produced 
at the present time under natural conditions (electrical discharges, waterfalls, seaquakes, etc.) is of very great 
importance, 
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INITIATING EFFECT OF RADON RADIATION IN THE OXIDATION OF ISODECANE 
(2,7- DIMETHY LOCTANE) 


N, M, Emanuel', E, A, Bliumberg, D, M, Ziv, and V, L, Pikaeva 


(Presented by Academician V, N, Kondrat'ey December 28, 1957) 


One of us proposed the use of the radiation of radioactive inert gases for initiating reaction chains as a 
logical consequence of the principle of gaseous initiation by chemically active gases(1] and the stimulating 
action of penetrating radiations [2], 


Nowadays, the experimental chemist has at his disposal Xe 188 Kr®, and Ar“ as well as the radioactive 
emanations— radon, thoron, and actinon, The three former radioactive gases may be prepared from the corre- 
sponding inactive inert gases by an (n,y)- reaction, In addition, Xe 188 and Kr®™ are products of U™® and Pu™ 
fission and are isolated during the purification of blocks of nuclear fuel, poisoned with fission products, 


The application of radioactive inert gases makes it possible to use for initiation all types of radiation; a, 
B andy at various radiation energy values, In addition, a and 6 particles emitted by the particular radioactive 
atoms pass directly into the reacting system and exert their effect uniformly throughout the whole of the liquid 
mass, This is very important as the introduction of these particles into a reaction vessel from an external source 
involves enormous difficulties or is completely impossible due to strong absorption of them by the wall of the 
vessel or the material of the window, 


The application of radiation from radioactive gases for initiation must be extremely effective and not only 
in the case of the slow chains in liquid phase reactions, It is also certain that the application of radioactive 
gases will make interesting experiments with gas phase chain reactions possible, 


In the present work we set out to investigate the oxidation of isodecane (2,7-dimethyloctane) under the 
effect of the a-particles of radon, We proceeded from the fact that oxidation processes in hydrocarbons in the 
liquid phase are degenerate branched chain reactions, This implies that the stimulation of these processes may 
be realized in only the initial period of branching of the process, 


The action of radon radiation leads to the production of active particles— free radicals and atoms in the 
system, i,e., to an increase in the initial rate of chain production wo. The value of wo under the effect of radio- 
active gases may be calculated readily from the energy of the ionizing radiation and the energy required to 
break a bond in the original hydrocarbon, This is one of the advantages of using radioactive inert gases as 
initiators in comparison with chemically active gases, 


The experiments were performed in a glass apparatus (Fig, 1), which included the oxidation cell used in our 
work on liquid phase oxidation [3), 


A mixture of radon and oxygen was prepared in the flask 1, fitted with outlets and with a double ground 
glass joint; the upper joint was intended for turning the rod R, to break an ampule of radon placed in the tube, 
and the lower one to fix the tube in the flask. 


To avoid losses of radon into the surrounding atmosphere, the system was used under slight vacuum (~ 700 
mm Hg), The oxygen, containing radon, was drawn with a water pump from the flask 1 through the oxidation cell, 
placed in an air thermostat at a temperature of 120°, and then through three successive U-traps, filled with active 
charcoal and cooled to — 80°, The unreacted oxygen was freed from radon by adsorption of the latter on the 
charcoal and then ejected into the atmosphere, 
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At the end of the initiating action of the radon (1 hour after the beginning of the experiment) the flask was 
shut off and the oxidation carried out with pure oxygen from a tank, Under the conditions of our experiments, 


— 


to pump 


| iit 
6) 


Fig. 1, Scheme of experimental apparatus, 


the reaction was affected by the radon bubbling through the liquid, dissolved radon and radon in the gas phase 
over the surface of the liquid, In addition, the daughter products of Rn decay played an important role, In 
calculating the integral dose we allowed for all these sources of radioactive action on the isodecane, With a 
starting radon activity of 12 mC in the ampule, the total dose received by the system during the one hour 
initiation, was 615 rads, It is interesting to note that under the conditions of our experiments the main effect 
was produced by radon dissolved in the isodecane (165 rads) and the daughter radioactive decay products (437 
rads), The effect of the radioactive decay products, which amounted to a considerable part of the radiation 
dose, continued for some time after the initiation period, i.e, after the radon had been completely flushed from 
the liquid by the stream of pure oxygen, However, this period of the after- effect of the active residue did not 
exceed 1-1,5 hours, and during this time the activity of the residue fell rapidly (after 20 minutes there remained 
only a total of 30% of the activity at the end of the initiation period), Thus, under the conditions of our experi- 
ments (with a starting radon activity of 12 mC) the initiating effect of the radon lasted at the most for 2,5 hours, 


We should note that in using chemically active gaseous initiators in the liquid phase oxidation of hydro- 
carbons (NO:, Clg, O3, etc.) we confined ourselves to much shorter initiation times, However, relative to the 
oxidation reaction of isodecane at 120°, a radiation treatment time of 2,5 hours is not too great as the uninitiated 
formation of acids under these conditions has an induction period of the order of 20 hours, 


The kinetic curves for the accumulation of peroxides and acids during isodecane oxidation, initiated by the 
a- radiation of radon (and also a- and g-radiation of the Rn decay products) are shown in Figs, 2 and 3, On the 


same diagrams dotted curves show the change in the total activity with time, when the starting activity of radon 
in the ampule was 12 mC, 


Figure 2 shows that the short stimulating effect of the radon radiation is sufficient for a significant decrease 
in the induction period with the formation of peroxides, There is also an increase in the maximal yield of 
peroxide compounds, 


A comparison of the kinetic curves of acid accumulation (2 and 3) with curve 1 for the uninitiated oxidation 
(Fig. 3) also shows extremely clearly the effect of the short stimulating action, While the process of acid for- 
mation under normal conditions during autooxidation begins only 20 hours after the addition of oxygen, with 
12 mC of Rn added to the oxygen and this passed through the isodecane at 120° for 1 hour (curve 3), a significant 
amount of acids appears in the reaction mixture after only 5-6 hours, i.e, the induction period of the oxidation 
is reduced by a factor of more than three, This result agrees with the change in the initial rate of chain production 
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Fig, 2, Kinetic curves of hydroperoxide 
accumulation during the oxidation of iso- 
decane at 120°, 1) Uninitiated reaction; 
2) action of Rn (starting activity of 12 mC) 
for 1 hour; 3) change in the total activity 
during the reaction (right hand scale), 


induction period as was observed in the experiment, 


effects causing an increase in the reaction rate, 


of radioactive emanation was used, 
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under the effect of the ionizing radiation, The value of wo for the uninitiated reaction, calculated in the 
hypothesis of the thermal reaction of a hydrocarbon with an O, molecule, equals 10*-10° radicals/cm? «sec, 
In the case of initiation using 12 mC of Rn, wo equals 10%? radicals/cm®: sec, 


This strong increase in the rate of active center production must lead to a significant reduction in the 


The action of Rn q-radiation has an even bigger effect on the reaction rate after the induction period. 
After the induction period, the uninitiated oxidation of isodecane proceeds at a relatively low rate, which 
remains practically constant up to a high degree of conversion (32 mole %), The kinetic curve of acid 
formation with treatment by 12 mC of Rn is a curve with a sharply expressed autocatalytic character, In this 
case, the rate of oxidation after the induction period increases sharply and its maximum value is more than 
10 times greater than the rate of uninitiated oxidation, Experiments with other activities (different from 12 mC) 
were only approximate, It was shown that increasing the dose (above 615 rads) did not produce additional 


From the data on the initiating action of 7 mC of radon (Fig, 3)itis obvious that doses of less than 615 rads 
are also able to produce clear accelerations of the oxidation process, When 7 mC of radon was used, the total 
dose was approximately 400 rads but the acceleration effect obtained was practically the same as when 12 mC 


The authors would like to thank V, M, Vdovenko for his interest in the work and also V, M, Permiakov 
and his co-workers for preparing the radon samples used in this work, 
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Fig. 3. Kinetic curves of acid accumulation 
during the oxidation of isodecane at 120°, 
1) Uninitiated oxidation; 2) oxidation with 
Rn treatment (starting activity 7 mC) for 1 
hour; 3) the same with a starting activity of 
12 mC; 4) change in total activity during 
the reaction, 
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FIAN 

GDI 

GITI 

GITTL 

GONTI 
Gosenergoizdat 
Goskhimizdat 
GOST 

GTTI 

IL 


ISN (Izd. Sov. Nauk) 


Izd. AN SSSR 
Izd. MGU 
LEIIZhT 

LET 

LETI 
LETIIZhT 
Mashgiz 

MEP 

MES 

MESEP 

MGU 

MKhTI 

MOPI 

MSP 

NII ZVUKSZAPIOI 
NIKFI 

ONTI 


Stroiizdat 
TOE 
TsKTI 
TsNIEL 
TSNIEL~MES 
TsVTI 

UF 
VIESKh 
VNIIM 
VNIIZhDT 
VTI 

VZEI 


Note: Abbreviations not on this list and not explained in the translation have been transliterated, no further 
information about their significance being available to us. — Publisher. 
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